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Chapter I 
INTRODUCTION 
!t Statement of the Problem • 
. cartilage is a form of connective tissue found at the ends of bones in-
side joints (articular cartilage); between the anterior ends of the ribs and 
the sternum (costal cartilage); between the shaft or diaphysis of immature long 
bones and the end or epiphysis (epiphyseal cartilage); in the nose, trachea, 
I 
bronchii, external ears, and intervertebral discs. The greater part of the 
skeleton of the embryo is first laid down in cartilage which undergoes gradual 
conversion into bone (ossification). This process of bone formation from a 
cartilage model is called endochondral ossification. One of the still unex-
plained questions concerning this biological calcification and subsequent bone 
formation is why, under normal circumstances, it is so site-specific. That is, 
/ 
why cartilage in some parts of the body, such as the nasal septum, never nor-
ma.J.ly ossifies, while, for example, the cartilage of the epiphyseal plate does. 
The cells of cartilage tissue possess the central role in bone formation 
by elaborating a calcifiable matrix and in some manner conferring upon that 
matrix the ability to calcify and then ossify. This organic matrix has two 
chief components, collagen and proteinpolysaccharide complexes. Both are 
assumed to function in some crucial manner to promote biological calcification 
and subsequent ossification in some areas and to prevent these biological 
events in other areas. The more prominsnt of the t1;o corr.ponents is the insol-
uble protein collagen in fibrillar form (Logan, 1935). Between these fibers 
of collagen is "ground substance" (Gersh and Catchpole, 1949: Sylven, 1956) 
whose best characterized component, proteinpolysaccharide, is the subject or 
this study. 
The organic matrix of cartilage has long been implicated in either the 
2 
initiation or control of the series of biological events that result in calci-
fication and ossification. The collagen fibers have been suggested as being 
capable of initiating calcification by serving as nucleators of crystal growth 
in the presumable metastable ionic extracellular fluid (Glimcher, 1959). Sim-
ilarly, there have long been efforts to relate the presence of proteinpolysac-
charide complexes (or their chondroitin sulfate portions) in calcifiable tissue 
" 
to bone formation. 
There are several distinct theories concerning the role of protein~oly-
saccharides might have in biological calcificationo These theories are based 
partially on the anionic character of the chondroitin sulfate moiety of the 
proteinpolysaccharide complex. Polysaccharides, including chondroitin sulfate, 
are capable of binding metal cations, such as calcimn ion (Gilbert and 1'1eyers, 
1960; Urist, et al., 1968). 
The present study was undertaken in an attempt to discover how such a 
cation-binding ability could function to initiate, inhibit, or regulate the 
process of biological calcification. This problem is approached in the follow-
ing way: a) first, the affinity for calcium ion of proteinpolysaccharides ex~ 
tracted from cartilage in various stages of calcification is measured; b) next, 
the effect of these complexes on the precipitation of calcium phosphate from 
ionic solution is determined. 
~-· 
3 
B· Tmnortance or the Problem. 
The importance or the problem or biological calcification and bone form-
ation rests on the unique process by 'Which an insoluble extracellular mineral 
. substance is deposited in specific locations to serve the dual functions of 
m,aintajning the body's structure and of maintaining a state of mineral homeo-
stasis. 
However, despite many years of work on the constitution and metabolism of 
connective tissue, very little is know about the relationship betwen a part-
icularly important kind of connective tissue, ossifying cartilage, and its up-
take of metal ions. The understanding of the nature of the binding of natural-
ly occurring ions, such as calcium, would point the way for research aimed at 
the therapeutic removal of abnormal cations, such as strontium and plutonium. 
Such research will become increasingly important 'When a greater proportion of 
the population is exposed to these radioelements because of their increased 
availability and usage in the rapidly expanding nuclear power program. 
Any progress in understanding the biochemical basis for the transforI1Btion 
of cartilage into bone, and its reversal, will give information essential to 
research progress in studies of aging. The type and amount of acid polysac-
charides found in connective tissue varies in a rather consistent manner with 
aging. For example, of the two types of chondroitin sulfate found in cartilage 
chondroitin-4-sulfate and chondroitin-6-sulfate, the concentration of the for-
mer decreases and that of the latter increases with age (Kaplan & Meyer, 1959; 
Mathews & Glagov, 1966). Of 'What significance this and other such observa-
t.ions of age-related connective-tissue changes are to certain degenerative 
4 
conditions associated with aging, such as osteoarthritis and osteoporosis, is 
still llllknow. 
There is increasing speculation that the proteinpolysaccharides of con-
nective tissue may be involved in the mechanisms that control the synthesis of 
other tissue components important for wound healing (Bentley, 196S). The an-
swers to the questions of why wounds start to heal, what keeps the healing pro-
cess going, and what terminates the process when healing is complete must be 
obtained before one can hope to influence these processes in a way beneficial 
/ 
to man. 
Precise knowledge of the factors that control biological calcification is 
required to solve dramatic new problems that have arisen out of our increas-
ingly complex technology. One example of this is the possible rarefaction of 
bones which astronauts may experience after prolonged periods of weightless-
ness. A second example involves the precise maintenance of electrolyte bal-
ance that is required to prevent ectopic calcification in patients with se-
verely impaired or absent kidney function, who must be maintained for long 
periods of time on artificial-kidney machines. 
Insights into the composition and metabolic role of proteinpolysaccharides 
will ultimately lead to a better understanding of some metabolic and genetic 
disorders known to be associated with the synthesis» storage, distribution, 
and excretion of these macromolecular complexes; So far, the evidence for a 
specific role of proteinpolysaccharides in calcification is circumstantial; 
such a role, if proven, could open the way to solving many problems of abnor-
mal tissue a.nd skeletal developnent. 
5 
C. Revi011 of the Literature Concorninp, tho Role of Protoinnolysaccharides iQ 
Calcification, 
Calcification, it must.be reLlembered, is but one of a series of integrated 
steps in the highly organizec process of bone f orrnntion, or ossification (Wells 
1911). In endochondral ossification, a cartilage model first calcifies and is 
then gradually replaced by osseous tissue. The resulting procuct of this pro-
cess is the highly compact tissue, bone. This specialized form of connective 
' tissue is characterized by the hardness resulting from the deposition of com-
plex mineral crystals kno.wn to be similar or identical to hydroxyapatite. The 
prototype of this mineral, called bone apatite, ~.ay be· designated as 
Ca10(Po4)6(0H)2• This designation for bone apatite should not be understood as 
a molecular formula, but rather as the representation of the ratio of the major 
constituent ions of the solid phase in terfls of smallest whole numbers, This 
is the only crystalline form of calciur.i phosphate that has been identified by 
crystallogr~phic methods in most normal calcified mammalian cartilage (Howell, 
1971). This bone mineral exhibits the X-ray diffraction pattern of an apatite, 
but its poor crystallinity arni small crystal size have made impossible the de-
termination of its detailed crystal structure. Analyses·of bones indicate that 
there is a considerable varlation in composition of what we shall call bone 
.. c+r P apatite; in addition, besices a , o4 , and OH , many other ions may be 
found associated with the crystalline phase (Bachra, 1970; Glimcher, 1959). 
These other ions, such as magnesium, sodium, pyrophosphate, carbonate, fluoride 
and citrate, uay exist either as impurities or as integral constituents of an 
oxtrenely conplex mineral phase (Armstrong and Singer, 1965). 
6 
Another noncrystalline phase, tereed anorphous cr;·stalline phosphate, 
has been abundantly founc in calcified cartilage. This phase is sinilar to 
bone apatite in composition, as revealed by X-ray diffraction, but lacks the 
distinctive structure of hycroxyapatite. Evidence has accumulated in the past 
several years which supports the theory that calcification proceeds through 
the initial, deposition of an amorphous calcium phosphate solid phase followed 
by the subsequent transformation of the major part of this precipitate into 
crystals of bone apatite (Termine and Posner, 1967, 1970). This was area-
sonable assumption since the simultaneous collision of the 18 constituent ions 
required to form a unit cell of the bone-apatite lattice is a kinetically im-
probable occurrence. In contrast, the fornation of Ca.P..Po4, which Shear and 
Kramer (1928) proposed as the first solid formed in calcification, would re-
quire collision of only 2 ions per unit. Studies of calcium phosphate pre-
cipitation in vitro at physiological pH levels also support the hypothesis 
that CaHPo4 is the first solid aggregate formed in calcifying cartilage 
{McLean and Urist, 1961; Sobel, Burger, and Nobel, 1960). Best (1959) gives 
the theoretical support for such a bimolecular reaction initiating the form~ 
ation of an aggregate conprised of several calcium and phosphate ions. 
The site of this reaction, which.would represent the initial step in cal-
cification, is the extracellular material, or ground substance, found between 
the fibers of calcifiable cartilage. While collagen fibrils compose the fi-
brous extracellular matter, the proteinpolysaccharide complexes comprise most 
of the ground substance. Since the subject of this paper is the proteinpoly-
saccharida elements of connective tissue, only two aspects of collagen re-
7 
search will be mentionec: a possible role of collagen in calcification, and 
( 
the possible relat.ion between collagen anC: some portion of the ground substanc~ 
Collagen is a unique protein characterized by tho presence of the hydrox-
ylated anino acids, hydroxyproline and hydroxylysine. In its most common 
form collagen is insoluble in water. It serves a structural function in a.ni-
mals somewhat similar to that of cellulose in plants. Although collagen ia 
postulated to have an important role in calcification, it cannot be the only 
factor required for calcification to occur since collagen is present in car-
tilage and other connective tissues that do not nor:r.ially calcify. Glimcher 
(1959) theorized that the collagen fibril, with its regularly ordered 640 R 
axial-repeat pattern, is able to induce calcification by acting as a catalyst 
for the nucleation and orientation of the apatite crystals. 
Perhaps the clue to exactly how, and in what site-specific circumstances, 
collagen fibrils are enabled to induce calcification will be found in either · 
the ground-substance components or in the interactions and interconnections 
between the collagen fibrils and the material in which they are embedded. 
There is both electron-microscopic evidence (Serafini-Fracassini and Smith, 
1966; Serafini-Fracassini, Wells, and Smith, 1970), and chemical evidence 
(Pal and Schubert, 1965; DiSalvo and Schubert, 1966; Steven, Jackson, and 
Broady, 1968), that at least a portion of the proteinpolysaccharide complex 
is bound in some i,.ra.y to collagen. Hoffman and Mashburn (1970) ~oricluded that 
a stable covalent link between the two did not exist, but a more sensitive 
linkage was not ruled out. The latter investigators speculated that a soluble. 
collagen precursor co~~ exist in the matrix bound to proteinpolysaccharide 
~-···~·-------------------------------, 
-- 8 
until it is released to form a collagen fiber. 
•To return to an exanination of the nonfibrous ground substance, the pro-
tein portion of this r.ia.terial is always folU1d in close association with car-
bohydrate. 'l'he macromolecule tha~ results from this association may have 
. widely varying p.r.oportions of the two conponents. The nomenclature for these 
complexes h~s been confusing but the now widely accepted names for the two 
classes of complexes found in connective-tissue ground substance are: 
a) proteinpolysaccharides and b) glycoproteins. 
Proteinpolysaccharides consist of a protein chain or 11core protein" to 
which are attached a munber of polysaccharide chains. The compounds co:mpris-
ing these chains are also called acid nmcopolysaccharides or, accorcing to 
Jeanloz' ,1963) nomenclature, glycosaminoglycans. These various names de-
~ribe a group of heterologous polymers which typically a.re composed of alter-
nate residues of a uronic acid and a hexosamine. The hexosamine usually has 
a 2~r-acetyl group and an ester-sulfate group. Four mucopolysaccha.rices are 
folUld in calcifying cartilage: 1) chondroitin-4..:.sulfate (chondroitin sulfate 
A), 2) chondroitin-6-sulfate (chondroitin sulfate C), 3) keratan sulfate, and 
4) hyaluronate. Each of these contain disaccha.ride repeating units that are 
similar in structure but varied in composition. For example, the repeating 
unit of hyaluronate is composed of glucuronic acid and N-acetylglucosamine 
combined in equimolar proportions. Hjertquist (1964) found sma'.11 amounts of 
this mucopolysaccharide, the only nonsulfatcd one of the four, in epiphyseal-
plate cartilage. Keratan sulfate, found in all cartilages examined in asso-
ciation with the more abundant chondroitin sulfates (Herring, 1968), lacks a 
r 
9 
uronic aciC: moiety ano consists instcac of altornatinr, rmits of galactose and 
:r-acetylclucosai·;une. The t•w principal r.mcopol~lsacc!'larides of calcifyinc car-
tilage, choneroitin sulfates A anc c, have structures whic4 differ only in the 
rosi ti on of the sulfate group on the N-acetylgalactosar.tlne moiety o The other 
residue of the chondroitin-disaccharide unit is D-glucuronic acid. 
These·nucopolysaccharitie portions of the proteinpolysaccharide complex 
are all thought to exist in calcifying cartilage in a covalent linkage to the 
serine residues of a noncollagenous protein core (Huir, 1958). Very little is 
Jr.nown concerning this protein except ~hat the detection of only minute quan-
tities of hydroxyproline in extracted proteinpolysaccharide complexes proves 
that it could not 1:e collagen (Campo, Tourtellotte, and Bielen, 1969). The 
possibility that the complex nay exist in the living tissue linked, in part, 
to collagen is not, however, ruled out. Some of the functions tentatively as-
cribed to· the protein core are that it 1) determines the sites of attachment 
of the polysaccharides along its length (Katsura ana Davidson, 1966); 2) is 
responsible for the ion-binding properties of the complex (Woodward and David-
son, 1968); and 3) i.~fluences the choice of sites of sulfatioh of the poly-
saccharide (Meezan and Davidson, 1967) •. 
. 
Glyco~roteins comprise the other protein-carbohydrate complex found in 
connective-tissue ground substance. The sidechains in this class of macro-
molecules are relatively short and contain a wider variety of carbohydrates, 
including galactose, mannose, glucose, fucose, galactosamine, glucosaI:line, and 
sialic acid. The protein part of these glycoproteins seems to be distinct 
from the protein part of proteinpolysaccharides (Drmstone and Franek, 1967). 
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'!'be function of the glycoproteins is considered to be the "linking" of several 
units of proteinpolysaccharide molecules into some supramolecular unit or ag-
gregate. Several models for this aggregate have been proposed. 
Mathews and Lozaityte (1958) first suggested the possibility that some · 
additional protein-containing entity might exist which would act to bind sev~ 
eral units or proteinpolysaccharide-type molecules into very high-molecular-
~ight aggregates. Partridge, Davis, and Adair (1961) proposed a model for 
such an aggregate. This model consists of units composed of a central protein 
core carrying at least 23 chondroitin sulfate chains, each attached by a single 
link. The core protein also carries at some point along its length a second 
polysaccharide component rich in galactose and glucosamine. In a later paper, 
Partridge and coworkers (1965) demonstrated the presence of a noncovalently-
linked protein in a preparation from bovine-epiphyseal cartilage. They sug-
gested that this protein moiety "bridged" simpler proteinpolysaccharide mole-
cules. They further suggested that the resulting aggregates were the three-di-
mensional structures seen by Fitton-Jackson (1965) under the electronmicroscope 
in proteinpolysaccharide preparations from epiphyseal cartilage. Sajdera and 
Hascall (1969) described a method for extracting the proteinpolysaccharides frODI 
bovine-nasal cartilage without employing high-speed homogenization. One product 
of this extraction was a glycoprotein fraction that they thought was related or 
identical to a glycoprotein isolated from the sam~ tissue by Franek and Dunstone 
(1967). A later paper presented the hypothesis that large aggregate complexes 
of proteoglycans exist in cartilage (Hascall and Sajdera, 1969). The aggrega-
tion of these complexes requires interactions between two distinct types of 
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Jne.cromolecules: large chondroitin sulfate-enriched proteoglycan subunits and 
JllUCh smaller protein-enriched glycoproteins. The first type contains almost 
all of the chondroitin sulfate and most of the total weight; it is called pro-
teoglycan subunit, PGS. The second type is the glycoprotein fraction. Because 
the addition of this fraction to PGS preparations allows formation of aggre-
gates, it is called glycoprotein link, GPL (Sajdera et al., 1970). Finally, 
the two fractions isolated by this technique were compared to proteinpolysac-
charides isolated and fractionated tu another technique (Pal, Doganges and Schu 
bert, 1966); a model va.s proposed for the formation of first and second-order 
aggregates in which a glycoprotein formed the "hub" of a "wheel" whose "spokes" 
were linear proteinpolysaccharides (Rosenl:erg, Hellman, and 10.einschmidt, 1970) 
The next section of this review will consider just the proteinpolysaccha-
ride portion of any such aggregate as might exist in living calcifiable tissue. 
There have been proposed two distinct theories concerning the role protein-
polysaccharides might have in calcification. One of these is an inhibitor 
role, the other an activator role. These will be discussed separately. 
The case for the role of proteinpolysaccharides as inhibitors in calcifi-
ca~ion rests on the assumption that while most extracellular fluid is meta-
stable with respect to the formation of apatite crystals. local concentrations 
near the collagen fibrils might vary. Chondroitin sulfate is an anionic mole-
cule capable of binding cations such as ca++, and therefore of effectively re-
ducing the local ca++ concentration (Farber and Schubert, 1957). In addition, 
since these molecules always exist in tissue bound to protein, and perhaps even 
in supramolecular aggregates, the phys5_cal state of such large complexes might 
r 
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limit the diffusion of ions and therefore prevent their access to the collagen 
fibrils. The fibrils are capable,of inducing calcification from a sufficiently 
metastable solution by serving as nucleators of crystal formation. Therefore, 
according to this theory, the role of proteinpolysaccharides in cartilage would 
be to serve as a specific calcification inhibitor by reducing the local con-
++ centrations of Ca as a result of the combined effect of ion binding and re-
duced ion mobility (Glimcher, 1959). 
Evidence in support of this theory are analytical (Bowness and Jacobs, 
1968), immunochemical (Hirschman and Dziewiatkowski, 1966), and histological 
(Sylven, 1947) results that show a sharp drop in chondroitin sulfate-contain-
ing groups near th~ tissue areas undergoing calcification and bone formation. 
The conclusion based on this rather circumstantial evidence was that the sul-
fated polysaccharides acted to inhibit calcification and therefore had to be 
removed befor~ this process could occur. Hass (1943) speculated Lhat the main-
tenance of a high level of chondroitin sulfate is a device by which cartilage 
is protected against calcification. A possible ::iechanisn for effecting the 
removal of such groups involves the action of an ~nzyme capable of degrading 
purified preparations of proteinpolysaccharides that was isolated from bovine-
costal cartilage (Dziewiatkowski, 1966). Direct evidence for an inhibitory 
role for protcinpolysaccharides uas the finding of Bo\Jlless. and Lee (1967) that 
soluble unc. insoluble fractions fro;~1 epirhyseal-plate cartilage cecreasecl the 
precipitation of calcium phos:::;hatos frora a solution containing fixed ar:iounts 
of calciun and rhosrha tc. Other in vitro eviC'.oncc of Weinstein anc coworkers 
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ve~1ted, not thr.~ rrccipitation, but tllo sedin.entation of calciun phosphate pre-
cipitEted in its rresence. i·j'hen treated 1-.iith hyaluronioase, which released 
chonC:roi tin sulfate frora its protein linkage, this effect was destroyed. 
Schubert and Pras (1968) interpretcc theso results by suggesting that the ef-
feet of this proteinpolysacchari6e fraction was.to inhibit, not the precipi..:. 
tation of calcium phosphate as a distinct solic"'. phase, but rather the subse-
quent growth of crystals to produce larger sedimenting aggregates. In other 
words, it was acting as a protective colloid. Later, DiSalvo and Schubert 
(1967) showed that the precipitation of calcium phosphate in the presence of 
PP-L can be used to separate th_is proteinpolysaccharide procuct into two major 
. ' 
fractions which are clearly different. The first fraction, identified with the 
previously isolated subfraction, PP-13, was a far less effective inhibitor of 
calcium phosphate precipitation than the seconc fraction, identified with the 
subfraction·, PP-15. Campo, ·Tourtellotte, anc. Bielen (1969) extended these ob-
servations by showing that if the proteinpolysaccharices are first degraded by 
enzyme extract~ from epiphyseal-plate cartilage the inhibitory effect on the 
precipitation of calcium phosphate is prevented. 
The case for the role of proteinpolysaccharides as activators in calci-
fication depends oh the capacity of these molecules to reversibly bind calcium 
ion. Sobel (1955) theorized-that the chondroitin sulfate-containing molecules 
were the "local factorfl that acted with collagen to initiate tha process of 
crystal formation. Glim.cher and Y~ane (1952) have shown that collagen alone 
will bind inorganic phosphate. Studies which used 35s-labeled sulfate com-
pounds showed that sulfated mucopolysaccharides are synthesized within the 
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cells of calcifyinc cartilage anc' then secreted by these cells into the orga.uic 
:-\~>·', 
r:utrix. Furtherr::ore, this synthesis anc: secretion is :r:w.xir.1al just bcf ore cal" 
cification of the organic matrix occurs (Dziewiatkowski, 1952; Lacroix, 1956; ' 
/ 
Leblond, Bela.'1ger and Greulich, 1955). In acc~ition, this sa::1e series of events 
has been observed at many sites of pathologic calcification (Rubin an( Howard, 
1950; Taylor, 1953). Althou2h so:-:ce studies indicated that a breakdown of these 
r:mcoproteins occurs ju::>t prior to calcification, which presumably releases 
Ca++ and initiates mineral formation (Logan, 1935; Engel et al., 196~), the 
concentration of organic sulfate, which should represent the sulfated moieties 
of mucoprotein, is quite high at the zone of provisional calcification (Howell 
and Carlson, 19611-; Weatherell, Bailey., and Weidm.a.nnJ1964). 
Host of the arguments and related evidence that have been used to support 
either of these two theories concerning the function of proteinpolysaccharides 
are considered from the standpoint that the proof of one theory would auto-
natically exclude the other. On the other hand, Bmmess (1968) used sone of 
the same evidence to propose a theory that there are two. main f~actions of 
chondroitin sulfate at the site of endochoncral ossification. These fractions 
are conceived of as existing in two separate compartments: one is fibrous 
and concerned with nucleation and subsequent calcification; the other is true 
ground substance and concerned with inhibition of calcification. Campo (1970) 
also pointed out that a negative and positive role for the proteinpolysaccha-
rides need not be mutually exclusive. A native proteinpolysaccharide molecule 
which was inhibitory could undergo modification at the calcifying site to gen-
erate a product which was catalytic in the process. 
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All of these theories assume that the capacity of some component of cal-
ciryl.ng cartilage to bind Ca*, as well as the exact nature and location of 
this binding process, is in some way related to the formation and deposition 
of a solid mineral phase containing calcium, phosphate, and other ions. 
in this Stud 
1, The Use of Calf Scapula. 
The differences in chemical and physical properties that distinguish min-
eralizable from nonmineralizable cartilage would probably be reflected in the 
calcilllll-binding capacity of the proteinpolysaccharides of cartilage matrix. 
Therefore, an investigation of what occurs when cartilage tissue in a specific 
area undergoes the alterations that ultimately result in a fully ossified tis-
sue required adequate and uniform quantities of cartilage tissue to be obtained 
from several areas that could represent stages in this transformation of car-
tilage to lx>ne, The use of calf scapula for this purpose, first suggested by 
Lindenbaum, has proved to be particularly suitable in satisfying these require-
ments because it is a readily available tissue from which nearly unlimited 
amounts of minera..i..i~able cartilage in any desired state of transformation may 
be obtained (Lindenbaum and Kuettner, 1967). All of the stages of endochondral 
ossification seen in the histological picture of a typical epiphyseal plate 
are duplicated in this tissue in "bands" parallel to the nearly linear ossifi-
cation front (Follis and Berthong, 1949; Hirsc~, 1967; van den Hoof, 1964). 
Four stages in the transformation were chosen and defined according to their 
topographic appearance and their nearness to the abrupt cartilage-bone 
junction apparent in this tissue: "resting" cartilage, "transforming" carti-
r-·------------------------------------.-..--------------,-6--. 
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lace, 11 9ssif'",rine" cartilr..ge anc3 11new bone". Tissue from each such area or 
zone 'Wlls.poolec and extracted by two different mcthocs to obtain its protein-
polysaccharide,complexes. 
2, Isolation and Extraction of Proteinpolysaccharides. 
This section cescribes the backgrouno of the many extraction methods 
found in the literature and gives the reasons for choosing two independent ex-
traction methods to obtain proteinpolysaccharides for investigation. 
Almost all of the research on isolation, fractionation, and characteri-
zation of the proteinpolysaccharide of cartilage has been done using noncal-
cifying cartilage, usually bovine-nasal septa. Nevertheless, the extraction 
procedures described in this section have been extended and sucessfully used 
to extract proteinpolysaccharides from a great variety of other sources of car-
tilage. Some examples include: bovine nucleus pulposus (Rosenberg, Schubert, : 
and Sands·on, 1967), bovine-fetal-articular and porcine...:costal cartilag~ (Campo, 
Tourtellotte, and Bielen, 1969), porcine-laryngeal cartilage (Huir and Jacobs, 
1967), calf-scapula cartilage (Smith and Lindenbaun, 1971), chick-embryo car-
tilage (Guenther, 1969), rat-costal cartilage (Kao et ai., 1970), human-costal 
and human:~articular cartilage (Rosenberg, Johnson and Schubert, 1965, 1969), 
and human-iliac-crest carti1age (Pedrini-Mille and Pedrini, 1971). Interest-
ingly, while certain differences in conposition and yield are evicent in the 
proteinpolysaccharides isolated from such varied sources (Campo; Tourtellotte, 
and Bielen, 1969), most of these differences can be attributed to differences 
in conditions for extraction or isolation, differences in species, or differ-
ences in the age of the animal. No specific difference in composition has been 
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1• n calcifiable cartilacr:c that C:istinF"Ltlshes it fror.i. noncalcifiable car-seen . - u 
tilagc of the sai'1e species (S:ci th and LindenbaUJ:l, 1971). The same conclusion 
was reached by Wells at the beginning of this ?entury {Wells, 1907). 
Although Krukenberg (1884) recognized the association of protein with 
the mucopolysacch8;rides of connective tissue nearly 90 years ago, most of the 
early nethods of isolation were directed at the isolation and fractionation 
of only the polysaccharide portion and the removal of protein "inpurities". 
These methods included either alkali extraction or enzymatic degradation 
(Bowness, 1968; Gardell, 1961). 
The first extraction of protoinpolysaccharide in any considerable yield 
was done by S~~tton and Schubert (1954). Their method, together with all of 
the nodifications of that method described here, depended on the vigorous home-
genization of cartilage tissue in an extracting solvent. This was necessary, 
apparently," to disentangle the proteinpolysaccharide molecule from the collagen 
by disruption of the collagen fibrils. Malawista and Schubert (1958) extracted 
a product called chondromucoprotein, representing over 80% of the total hexo-
samine, after a single honogenization in cold.water. Chondromucoprotein was 
shown to be separable l::y ultracentrifugation into two distinct fractions; a 
readily-sedimenting, heavy portion, PP~H, cµid a nonsedimenting, lighter portion 
PP-L (Gerb~r, Franklin, and Schubert, 1960). Then it was fcund that if either 
PP-H, or the cartilage resid~e remaining after extraction, were 'reextracted 
withhydroxylamine, most of the chondroftin sulfate-containing groups that were 
resistant to the previous extraction with water were obtained as another water-
soluble product, PP-L2 {Pal and Schubert, 1965). Because the PP-H a) was near..;, I 
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~ I' lY water-insoluble, especially in the presence of salts; b) had'a high hy-
a.roxyproline content; and c) yielded the srune product upon hydroxyls.mine treat-
Illent as the cartilage residue itself, it was considered a contruninated mixture 
of collagen and PP-L2 (Serafini..;.Fracassini and Smith, 1966; Schubert and Hruner-
:inan, 1968). Subsequent extraction schemes included the PP-H with the cartilage 
residue (Pal, Doganges, and Schubert, 1966). 
The hydroxylamine extraction resulted in the operational classification 
of proteinpolysaccharides into two groups: the water-extractable form, PP-1, 
and the resistant form, PP-12. The classification of proteinpolysaccharides 
can be broken down even further because of the heterogeneity of PP-1. This 
product, thought at first to be a single homogeneous entity, has been proven 
otherwise by a great variety of metho4s. Pal, Doganges and Schubert (1966) 
fractionated PP-1 into four distinct products based on their differing sedi-
mentability in salt solutions. The fractions are called PP-13, PP-14, PP-15, 
and PP-L6. Two fractions similar to PP-13 and PP-15 were obtained from PP-1 
by an independent method (DiSalvo and Schube:t"t, 1967). Franek and Dunstone 
(1966, 1967) homogenized cartilage in water to prepare a product comparable 
to PP-1; this product was fractionated by sedimentation in density gradients 
of cesium-chloride followed by rate-zonal centrifugation to yield three pro-
ducts called IIA, and IIIB (Dunstone and Franek, 1969). The proteinpoly-
saccharides in a homogenized extract of cartilage were also sho'WD'..to be 
heterogeneous by electrophoresis (Muir and Jacobs, 1967; Hofrina.n et al.,1967), 
and by gel-filtration procedures (Tsiganos ~nd Muir, 1969a). 
The question arose~ d,id this heterogeneity reflect various molecular 
r~--------, 
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species that existed in living cartilage tissue or not? There was evidence 
and speculation favoring both vie-wpoints. 
Of the four fractions of PP-L isolated by the method of Pal, Doganges 
and Schubert (1966), only PP-IJ showed no evidence of more than one component 
in the ultracentrifuge. This is 'Why Campo and coworkers (1969) considered 
pP-13, the most abundant of the subfractions of PP-L, to be the native protein-
polysaccharide, and PP-14, PP-L5 and PP-16 to be artifacts of the isolation 
procedure. Kleine and Hilz (1970), on the other hand, interpreted their ex-
perimental evidence involving isotopic labeling and chromatographic studies to 
indicate that there are at least three metabolically distinct proteinpolysac-
charide complexes that are not artifacts of the extraction method. 
A mixture of proteinpolysaccharides of varying size and composition oc-
urring naturally in cartilage could result from differences in core proteins 
or from differences in the number and length of polysaccharide chains attached 
o them {Tsiganos and Muir, 1967). Tsiganos and Muir (1969a, 1970) suggested 
at such a normal heterogenous population might be necessary to provide a 
ange of functiol'S within the tissue. Another possible explanation is that the 
ious molecules are stages in the synthesisj development, and maturation pro-
esses of proteinpolysaccharide which occur in living tissue. 
Gross and coworkers (1960) presented evidence in support of the exist-
nce of a single molecular entity for proteinpolysaccharide from data that 
uggested that, in living tissue, the complex is metabolized as a unit. 
athews (1965) proposed that a single supra.molecular structure existed in car-
ilage in which the proteinpolysaccharide components had interacted to form 
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ii.Ilks with the collagen molecules. 
In 1969, Sajdera and Hascall published a paper which described a way to 
isolate high yields of proteinpolysaccharides from bovine-nasal septa by using 
salt solutions at high concentrations with negligible shear. They designated·· 
all previous extraction methods that required homogenization of the cartilage 
as "degradative," because the high-shear forces of such a disruptive procedure'' 
would presumab~ denature and depolymerize the native macromolecule. In con-
trast to this, they designated their new method "dissociative," because the 
gentle agitation of the tissue in solutions of high-ionic strength would, pre-
sumably, reverse some specific aggregation of the complex which exists in 
living tissue. Consequently, they felt that the resulting product, PFC, more 
nearly represented the native macromolecule of cartilage than did PP-L or any 
of its subtractions. However, as Rosenberg and coworkers (1970) and, more re-
cently, Beale and Schubert (1971) demonstrated, the PFC product resulting from 
dissociative extraction also exhibits heterogeneity. It can be fractionated 
into 4 products l:v the same procedure that PP-L was fractionated (Pal, Doganies 
and Schubert, 1966); these fractions resemble in composition and behavior the 
similarly obtained PP-L fractions (Beale and Schubert, 1971). Hascall and 
Sajdera (1969) also demonstrated that PFC was not a single product; they pro-
posed that it was an aggregate of two components: proteoglycan submit, PGS, 
and glycoprotein link, GPL. 
Rosenberg and coworkers (1970) tried to compare and relate the various pro-
teinpolysaccharides previously extracted and described by a) Pal, Doganges and 
Schubert, 1966; b) Franek and Dunstone, 1967; c) Sajdera and Hascall, 1969; 
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and d) Hascall and Sajdera, 1969. They reached the following provisional con-
.} clusions: 1) PP-13 (a), IIB (b), and PGS (d), are alike; 2) PP-15 (a), IIA (b), 
and aggregate (d) are alike; 3) PP-16 (a), IIIB (b), and GP-1 (d) are alike; 
) pFC (c) is a mixture of PGS (d) and aggregate (d); 5) aggregate (d) itself 
is a combination of PGS (d) and GPL (d). 
Despite the evidence that the proteinpolysaccharides obtained by the dis-
sociative-extraction method displays heterogeneity, as well as do the products 
obtained by the degradative-extraction method, the condition of milder ex-
traction give weight to the assumption that there are fewer shear-induced art-
ifacts in the products obtained by the dissociative extraction. Calf-scapula 
cartilage, not having previously been ~xtracted by this method, provided anothe 
reason for using a dissociative method in this study. Finally, the results 
obtained with bovine-nasal septa (Sajdera and Hascall, 1969; Hascall and Saj-
dera, 1969) showed that up to 85% of the total tissue hexuronate was extracted 
by dissociative extraction. The residual hexuronate that was resistant to ex-
traction in the degradative method yielded to extraction when treated with hy-
droxylamine. The question of whether any residual hexuronate-containing mat-
erial remaining after dissociative extraction would also be released by hy-
drro..'Ylamine extraction could be determined by using the dissociative method, 
as well as .the degradative method to extract proteinpolysaccharides from calf-
scapular cart~lage. 
3. Characterization of the Proteinpolysaccharides fro~ Calf-Scapular 
Cartilage, 
Because the products obtained by either degradative or dissociative ex-
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~raction are not single discrete molecular entities, the characterization of 
these products must be done by an analysis or the principal components of each. 
For proteinpolysaccharides, these components are protein, hexuronic acid, and 
hexosamine. -
The most common analytical method used to determine the presence and con-
centration or polysaccharide-containing materials is the determination of hex-
uronic acid. One or the reasons for this is that there is a reliable color-
imetric procedure available (Bitter and 1'hllr, 1962). This method is based 
upOJ?. the reaction of uronic acid with the organic reagent, carbazole. It 
modifies the previous Dische (1947) method by using borate ion to increase 
sensitivity, repl'oducibility, and color_ stability and to decrease interfer-
ences. The chief advantage or the method for analyzing crude tissue-extracted 
products and tissue. hOlllogenates is that no preliminary digestion or hydrolysis 
is necessary. (A minor disadva;itage of the method is_ that the entire proce~ 
dire is carried out in the presence or concentrated sulf'uric acid). Uronic 
\ 
acid detcrnination provides a convenient estilr.ation of the chond.roitin sulfate 
concentration in calcifying cartilage, or products obtained from this tissue, 
beqause its two isomers constitute the tvo principal polysaccharides present. 
Because only I:dnute quantities or hyaluronate-have been found in cartilage, 
the hexuronate contribution from this source will be slight. The only other 
rolysaccharide that has been found in cartilace; keratan sulfate, contains no 
uronic acid. Both Pal anc Schubert (1965) and Rosenberg, Schubert and Sandson 
(1967) calculated the chondroitin sulfate content of proteinpolysaccharide 
fro:i the he::rurono.te dctcr;-1ii-1D.tion. 
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The analysis of the other portion_ of chondroitin sulfate, hexosamine,pre-
sents more difficulties, as is indicated by the large nu.'llbc:r of procedures and 
nodifications fo'lind in tho literature for analyzing hexosamines in biological 
sa.r:iples. .The first problem encountered in this analysis is choosing the con-
ditions for Sa!"~le.hydrolysis. An acid-hydrolysis step is required to release 
the hexosami.ne to a free state thtLt may be measured by some variant of the 
Elson-Horgan reaction (Elson and Morgan, 1933). 
The hydrolysis of any biological sample is a function of four factors: 
acid strength, tine, temperature, anc the nature of the substrate. Because 
11roteinpolysaccharides obtained fron different tissue sources react differently 
to hydrolysis, _investigators have used a wide range of hydrolysis conditions. 
The acid concentration recomnended in different procedures varies from 2 ll to 
6 n, the hydrolysis time from 4 to 1$ hours, and the temperature from 100° to 
110°C. Boas (1953) found that hydrolysis in acid stronger than 2 ll at l00°c 
for 15 hours destroyed the hexosamine. The rapid liberation of glucosamine 
that is favored by conditions of high temperature and high acid concentration. 
must be balanced against the equally rapid de~truction of the amino sugar.that 
occurs at these extreme conditions. Therefore, the conditions chosen for hy-
drolysis, of any tissue are a compromise between .maximum liberation and des-
truction of hexosamine. 
After hydrolysis, the measurement of the hexosamine depends on its con• 
densation wi~h acetylacetone in mildly 8.lkaline solution to give a pyrrole, 
which in turn reacts with p-dimethylaminobenzaldehyde (pDMAB) to produce a red 
complex. Since the hexosrunine after hydrolysis is in an acidic solution, a 
r 
neutralization step is necessary. The resulting NaCl and the increased ionic 
strength both depress color production (Gardell, 1958; Boas, 1953). For this 
reason, many of the proeedural variations in the literature are designed to 
maintain a constancy of pH and salt concentration • 
.Another problem is the choice of conditions for the acetylation-reaction 
step. The time and temperature mentioned by different investigators varies 
from 10 to 60 minutes and from 89° to lOO°C. There is a narrow optimum pH for 
the reaction of 9.6 to 9.8. Elson and Morgan (1933) originally identified the 
pyrrole resulting from this reaction as 3-a.cetyl-2-methyl-5-(tetrahydroxybutyl) 
pyrrole. Schloss (1951) showed that at least.2 chronia.gens with differing ab-
sorbance maxima were produced in the reaction, one of which vras steam-volatile. 
Cessi and Piliego (1960) based a more specific hexosamine determination on the 
isolation of "this volatile chromagen; 2-pwthyl py,i:-role. This method was later 
' ' 
modified by the introduction of borate ion to allow the differential determin-
. ' 
ation of galactosamine in the presence of glucosamine {Cessi and Serafini-Cass~ 
1962, 1963). 
Because the presence of several other substances in most protein and tis-
sue hydrolysates also produces colored substance in the condensation reaction 
with p-DMAB, Boas (1953) purified the hydrolysate on a cation-exchange-resin 
colunm. The amino sugars are held on the column, then eluted with acid. 
The procedure used in the present study was adapted from Cheng (1968). 
The hydrolysis was done in a kno'W?l volume of 4 !:! HCl by heating in a sealed 
test tube to l00°C for six hours. Cheng showed these conditions destroyed 
only 0.3 ~ 0.1% (mean! standard error) of standard glucosamine .•Hcl. The 
,. . 
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sanples uere neutralized with the neasured volume of base required fron the 
JrJlovm acid concentration, rather than the various other neutralization pr.oced-
' 
ures previously used. The acetylation step was done by sealing the test tubes 
containing neutralized hydrolysato and acetylacetone and heating to 90°c for 
one hour. No purification of the hydrolysate by cation-exchange resin was 
found to be needed in this procedure,·because only one absorbance peak at 
530 nm was seen in the final solution. These modifications greatly simplified 
the eetermination of hexosamine in preparations from calf-scapular cartilage. 
The third analytical procedure used to characterize the proteinpolysac-
charide preparatio~ was the determination of protein. The raethod used was an 
adaption of that of Lowry and coworkers (1951). It has been used often to de-
teri:rl.ne protein in mixed solutions such as tissue hydrolysates, but r:w.y be used 
to determine protein in any solution without preliminary digestion. This makes 
,. 
the method particularly suitable for determining protein in samples of water-
soluble proteinpolysaccharides. The disadvantages of the method include its 
nonlinearity over extended ranges, and the variation in color value that occurs 
with different proteins. If one assumes that there is but one species of core 
protein in proteinpolysaccharides that occurs in varying proportions because 
of th9e variable number or variable length of its polysaccharide sidechains, 
the Lowry method should estimate the protein content.adequately. The color 
produced in the reaction is chiefly a function. of the tyrosine and tryptophane 
content of the measured protein~ 
4. Ion-Binding Measurements. 
The binding of a cation, particularly calcium, by proteinpolysaccharides 
r---------------------------------------------------2-6--, 
an Ci the. possible ~:ignificance of these reactions in the calcification process 
has been. studied in several different ways. Boyd arid Heuman (1951) showed that 
the uptake of calcium and other cations by cartilage slices was correlated \.Jith 
the sulfate content• Later, the chondroitin sulfate component was.she~ to be 
solely responsible for cation binding, and that the reactions involved were of 
the ion-exchange type (Dunstone, 1959, 1960). ?-~cGregor and Bowness (1970) 
confirmed these findings by comparing the calciura-bincing capacity of purified 
. . 
choncroitin sulfate to that of proteinpolysaccharide preparations from costal 
cartilage. Their results show: 1) that the calcium-binding capacit,., or pt(>;. 
teinpolysacchariC.e is determined all:lost entirely by the chondroitin sulfate' 
content; and 2) that the calcium-binding sites on the protcinpolysaceha.ride 
complex behave in the same way as those on purified chondroitin sulfate. 
Bowness (1962) further showed that a large fraction of the cartilage calcium. 
is bound .to a fraction of the chondroitin sulfate that is associated 'With 
cold-water-insoluble collagen. 
One of the methods used to demonstrate and to measure this affinity be-
tween calcinra ion and chondroitin sulfate is equilibrium dialysis. By this 
method,· ~hondroitin sulfate has been sh?wn to bind 0.8 pg Ca for each disao-
charide 'unit (Farber and Scbubert, 1957). Boyd and UeUillall (1951) also used 
this method with cartilage slices in which the chondroitin sulfate would be 
present as proteinpolysaccharide and obtained a slightly higher'affinity. The 
equilibrium-dialysis results of :MacGregor and Bowess {1970) agree with these 
previously published measurements. Dunstone {1960) showed that ionization of 
both the carboxyl and the sulfate groups of chondroitin sulfate are involved 
'---------------------------------------------. 27 
when the ma.xinu..'ll anount of calcium is bounC: by cartilage. ApproY • .imately half 
the total calcium-binding capacity of choncroitin sulfate is attributable to 
its ester-sulfate groups (Urist et.al., 1968). 
The calcium-binding capacity of any ligand is usually expressed as the 
forr.i.ation constan~ with calcium which may be defined as: 
[ca(P~ 
[caffJ [ P] , where P represents polysaccharide ligand. 
Urist and coworkers (1968) measured the formation constant with calcium by 
four methods: frog-heart technique, murexide-complexometric I:lethod, ultra-
filtration, and the calcil.l.Il-sensitive electrode. Other methods that have been 
used to evaluate the eA-tent of polysaccharide-calcium comp1ex included ion-ex-
change (Dunst~ne, 1960, 1962; Smith and Lindenbaum, 1971), titrimetric (Gilbert 
anc Meyers, 1960; Dunstone, 1959). and spectrophotometric techniques (Bowness, · 
.. 
1968). All of these methods depend on measuring the concentration of unbound• 
calcium ion. However,. Urist (1968) aCmitted thet no know analytical method 
for ionic calcium is entirely satisfactory when a part of the total calcium 
ions present in a solution is combined in a soluble complex. Consequently, the 
nean Kr values which Urist and others (1968) obtained by the four methods men-
tioned, as.well as other values reported for various preparations of chondroit" 
sulfate (Gilbert and Meyers, .1960; Dunstone, 1962), show wide deviations. 
~reasuring the calcit.nn-~on affinity of proteihpolysaccharid~s extracted 
from calcifying cartilage by a cation-e~change method has several advantages 
•. 
over other methods. This method quantita:tively relates the degree to which un-
bound-calcium ion exchanges with the cation in the resin to the extent to which 
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calcium is bound by the proteinpolysaccharide or other binding ligand present 
{Schubert, 1948; Schubert, 1956; Schubert and Lindenbaum, 1952). The main ad-
vantage over previously used equilibrium-dialysis techniques is that the high 
viscosity of the solution of some proteinpolysaccharide fractions does not in~ 
terfere 'With the ion-exchange method. Second, the use of radioactive ca++ in 
the ion-exchange method allows the affinity constant to be measured when only 
tracer-level concentrations (""'10-8 moles/liter) of ca++ are present. As a 
result, only relatively low concentrations of the proteinpolysaccharide ligand 
are required and equilibrium is established in 2 hours or less. In contrast, 
the equilibrium-dialysis technique required 24 hours for an appr~tely 
25-mg sample of proteinpolysaccharide to equilibrate with 8 mg of calcium 
(Smith and Lindenbaum, 1971). 
Previous applications of this ion-exchange technique have all~d the deter-
mination of various physicoche;dcal properties of substances in solu'bion, par-
ticularly dissociation constants of complex ions (Schubert, 1948; 1952; Schuber1 
and Richter, 1948a, 1948b; Schubert, Russell and Myers, 1950; Schubert and Lind-
enbaum, 1952). The theoretical basis for the method depends on the aelectiv.lty ' 
of the cation-exchange resin which binds cations such as calcium, but.not 
anions. Neutral complexes may appear to be absorbed since they can enter free-
ly into the hydrated resin matrix; however, this absorption can be made quanti-
tatively insignificant by maintaining a large ratio of solution volume_to resin 
volume. Under these conditions of a given weight of exchanger resin and a 
given volume of solution, the adsorption isotherm of a tracer cation, such as 
45ca++, is linear over a very wide range of concentrations of the tracer. 
r __________________________________ __, 
- 29 
1'}lat is, the ratio between the amount of tracer adsorbed by the resin and the 
· Slllount remaining is a constant. This constant represents the equilibritlJll dis-
tribution of the tracer ion between the exchanger resin and the solution and 
is called the distribution coefficient. The method consists of measuring this 
distribution coefficient in the presence and absence of an agent, such as pro-
teinpolysaccharide ,. capable of binding the ca* present. The greater the dif-
ference in the two constants, the stronger is the calcit1J11 binding. 
2· Interaction of Cartilage Proteinpolysaccharides with Ionic Solutions of 
CalcitlJll and Phos"Ohate. 
An investigation concerning the function of the proteinpolysaccharides in 
the dynamic process of calcification and subsequent ossification that depends 
exclusively on experilllents 1n vitro can only be justified if the assumption is 
granted that formation of a solid mineral phase in living tissue is governed, 
at least in part, by physicochemical principles that can be more easily 
studied 1n this way. The very significant differences that necessarily exist 
between precipitation of calcit1J11 phosphate in a simulated sertlJll and the extra-
cellular deposition of bone apatite that occurs in endochondral ossification 
cannot be overemphasized. Nevertheless, the use of metastable calcitlJll phos-
phate solutions provides a useful experimental approach for evaluating physi-
cal arid chemical factors that can influence tfssue calcification. 
The mechanism of calcification, or formation of calcitlJll salts in tissues, 
can be considered as a two-step process: l) nucleation and 2) appositional 
growth, By nucleation is meant "the process of generating within a metastable 
mother phase the initial .fragments capable of developing spontaneously 
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i,,.'"lto gross fragments of the stable phase 0 (La1':er, 1952). A supersaturated but 
stable solution is terBed metastable. This stability may be destroyed, that 
' if$,the exc~ss solute will separate, upon introduction of a ·single small crystal 
of solute. The separation of solid can also be catalyzed by a solid particle of 
na.terial other than the_ solute, if the crystalline form of this heterogel')9ous 
substance is similar to the solute in atomic arrangenent and lattice spacing 
(Telkes, 1952).; Once nuclei are present, the crystal-growth phase may proceed 
rapidly and predictably. In other words, the formation of a nucleus or crystal 
· seed lowers the activation energy required for crystallization to occur. Sobel 
Burger and Nobel (1960) discussed the theoretical considerations that are in-
volved in forming nuclei in mineralizing tissue. 
Hany of the early theories of calcification were based on the concept that 
calcification occurred by increasing the degree of supersaturation to the point 
of spontaneous precipitation. A ~issue fluid was :made temporarily and 'locally 
oversaturated with calcium and phosphate ions. This local increase in concen-
tration was postulat~d to occur by the action of alkaline phosphatase on cer-
tain org~ic-phosphate esters (Robison·, 1926),. or through certain specific 
metabolic activities of calcifying tissue involving phosphorylative glycogen-
olysis (Gutman and Yu, 1950). Another way the local-ion concentration could 
be ·raised would be by a sudden release +I- . of previously bound Ca by the depoly-
nerization of proteinpolysaccharide complexes near the zone of provisional cal-
cification, as Campo (1970) has suggested. The theories of spontaneous pre-
cipitation were largely replaced by nucleation theories when several investi-
gations showed that be<;J.~ fluids were already supersaturated with respect to 
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bone-apatite crystals (Strates, Neuman and Levinskas, 1957; Nordin, 1957). The 
site-specificity of the mineralization process then became a problem or \olhat 
mechanisms controlled the induction or, or prevented the formation or, effec-
tive crystal nuclei or seeds. 
The induction of nuclei formation could be controlled by some specific 
catalyst present in the local area undergoing calcification. This catalyst 
would act by lowering the minimum chemical potential required for nuclei for-
mation. The minimum chemical potential is a function or the product of the ac-
tivities of the constituent ions in solution. In its simplified form, this is 
called the Ca x P product. What this product is has never been experimentally 
determined because no solubility-product constant for the complex bone-apatite 
mineral has been established. Indeed~ Neuman and Neuman (1958) concluded no 
true solubility product could be calculated for bone apatite because isomorphic 
crystal substitutions that occur in the lattice structure produce a variability 
in composition in different parts of the same crystal. 
In the era when calcification \IRS assumed to be a simple precipitation 
phenOll!enon, the "calcium phosphate rule" was formulated (Howland and Kramer, 
1921; Shear and Kramer, 1928). This clinically-oriented guideline stated that 
bone formation required the product of the concentrations or total serum cal-
clum and phosphate, expressed in mg/100 ml, to be greater than a minimum value 
of 30. Although now recognized to be of limited. value, no more accurate form-
ulation or a Ca x P product necessary for bone-apatite nucleation or growth 
has been determined. The reasons for this are related to complexities of the 
bone-apatite system. Also the Ca x P product required for nucleation may 
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zrcc.tly exceed that required for crystal growth. This woulC: r,1ean that the 
loca:C concentration of calciun and phosphate would need to reach the higher 
level of supersaturat,ton only long enough to produce nuclei, after which the 
crystal growth of the solid phase woule proceed at a lower Ca x P product. 
Collagen fibrils may possess the unique ant specific property of inducing 
crystal nuc~ei to form in other~~se metastable solutions of calcium phosphate 
(Strates, Heunan, and Levinskas, 1957; Solomons and Netina.n, 1960; Glimcher, 
1959; Fleisch and lleunan, 1961), Glir.,cher (1959) showed that only native-type 
0 
collc..gen fibrils possessing the 640 A-banding pattern, and perhaps other struc 
tural requirements, are able to act as a catalyst for apatite nucleation. 
The specific orientation and stabilization of the collagen fibrils is one of 
the possi~le roles ascribed to the proteinpolysaccharides (Bowness, _1968). 
The prevention of nuclei formation is another mechanism by which the cal-
cification process could be controlled and localized. If the extracellular 
environment in living tissue does contain more than sufficient concentrations 
of calcium and phosphate to produce the mineral ·crystals of bone apatite, ther 
nay exist physiological in.~ibitors of calcification. Solomons and Neuman 
(1960) first suggested the existence of some substance in serum or red cells, 
or both, which is highly inhibitory t? the induced formation of crystals. In 
1967, Howard and coworkers isolated specific peptides from normal serim and 
urine that inhibited calcification of rachitic rat-cartilage stices in vitro 
and presumably could perform the same function in vivo. Magnesium, py:ro-
phosphate, and manganese ions have all_been shovm to inhibit calcification in 
nodel systems (Thomas ~d Tomita, 1967; Feagin, Walker and Pigman, 1969). 
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In an earlier investigation, Sobol and Durger (1954) had dcnonstrated re-
versible inhibition of the calcification in vitro of rachitic cartilage by var-
ious cations and anions. These experirients were done to determine the nature 
of the 11local factor" which Sobel (1955) postulated was present in and con-
ferred calcifiabil~ty on cartilage. This "local· factorn was thought to be ac• 
·vated by the binding of calcium ions. Proteinpolysacchariaes, or a collagen-
protoinpolysaccharide complex,have been among many components suggested to act 
e.s this 11local factor. n 
Some of the possible functions of proteinpolysaccharides in calcification 
will be su.r.m.arized here: 
1) Proteinpolysaccharides could increase the effective concentration of calcium 
ions at the site of mineralization by: 
a) anchoring the calcium ions in a way that promotes its reaction 
with phosphate 'ions; 
b) decreasing the calcium~ion binding near the site of mineralization 
possibly through an enzymic degradation or depolymerization. 
2) Proteinpolysaccharides could decrease or increase the degree of supersatura-
tion required for crystallization or growth at the site of mineralization by: 
a) acting, togetner with collagen, as a nucleating center that would 
initiate calcification; 
b) removing or inhibiting the action of some normally•present calci-
fication inhibitor; 
c) sheltering the amorphous calcium phosphate from forming crystal-
lite nuclei or from growing by preventing total access to t~e ex~ 
r 
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tracellular solvent space. 
Tho calciUJ:i-binding ability of protoinpolysaccharides is presumed in all 
of the above theorie.s to influence the initiation of mineralization in calci-
fying cartilage. For this reason, this investigation included measurements of 
the effect of proteinpolysacchn.ridos extracted from zones approaching the car-
tilage-bone junction of calf scapula on the precipitation of calcium phosphate 
from metastable solutions. \~1ile an unstable solution forL1s a precipitate rap-
idly and spontaneously, a metastable solution will precipitate only after an 
indefinitely long time or after the introduction of a "seed" or nucleation 
catalyst. 
There ar~_many problems involved in the experimental study.of metastable 
solutions even in ·simple systems. To apply nucleation theory to bone_-apatite 
formation through the use of metastable ionic solutions is to greatly over-
. . 
sinplify the actual phenomena. For example, the difference between instability 
and metastability of a solution may not be discernible when the solution forms 
precipitates rapidly in the presence of "seeds" and more slowly in their ab-
sence, as is often the case in the calcium-ph~sphate system. Also an apparent-
ly spontaneous precipitation may be the result of nucleation induced by dust 
or impurities in the solution or on the surface of the vessel, or by air-so-
14.i.tion interfaces, or by shaking. Because of these difficulties, the true point 
of spontaneous precipitation may be difficult to define in the calcium phosphatE 
system (Bachra, 1967). 
Nevertheless, Taves and Neuman (1963) sucessfully used metastable solution 
of calcium and phosphate to study several factors controlling calcification, 
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incluc.ing tho calciun1-phosphato ratio, and tho concentration of fluoride and 
r.1aenesiur.1 ion. They founc thct nucleation by an extracted-tendon preparation 
to be superior to either spontaneous precipitation or precipitation induced 
by isolated calcium phosphate crystals. The r.1orphology, coL1position, and 
structure of the calcium phosphate precipitates obtained froL1 such netaste.ble 
ionic solutions depends on both the conposition and tenperature of the pre-
' 
cipitating solution (FUredi-Nilhofer, Purgaric, Brecevic, and Pavkovic, 1971). 
These investigators found that, over a wice range of reactant concentrations, 
precipitates that were formed at 25°c exhibited characteristics of octacalcium 
phosphates, but those that i.rere forned at 37°0 were predominantly calcium-de-
ficient ·apatites. Termine and Posner (1970; Termine, Peckauskas, and Posner, 
1970) also studied calcium phosphate formation in vitro. They found that re-
gardless of the initial Ca x P product or Ca/P riixing ratio used, the forIJa.ticn 
of calcium phosphate precipitates from buffered solutions proceeded through 
three steps: 1) an initial phase separation of an amorphous calciun phosphate 
precipitate; 2) a transformation of this noncrystalline phase into tiny cry-· 
stals of apatitie calcium phosphate; 3) the growth and ripening of these cry~ 
stals. The time required to proceed from step 1 to step 2 depends greatly on 
the particular environment.of the precipitate. They concluded that :macromole-
cules, such as proteinpolysaccharides, can influence both initial formation of 
amorphous calciun phosphate and the ultimate formation of apati~e through run-
orphous-crystalline transformation. 
The purpose of the experiments performed in ihis study was to determine if 
proteinpolysaccharides could promote (by lowering the required Ca x P product) 
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or inhibit (by raising the required Ca x P product) the precipitation of cal-
ciUIIl phosphate from series of metastable solutions. Previous studies have es-
timated the extent of precipitation by analyzing the composition of the sep-
arated solid phase by analytical, gravimetric, or crystallographic methods. 
Alternatively, the remaining liquid phase has been analyzed for calcium or 
phosphate ion by chemical methods to calculate the fraction removed by pre-
cipitation. A new method introduced in the present study allows either solid 
or liquid phase to be analyzed for both calcium and phosphate ions by simul-
taneously measuring the radioactivity of the dual-labelled precipitating me-
dium in a liquid scintillator. This method provides a convenient and rapid 
assessment of the-extent of solid calcium phosphate separation from ionic so-
lutions when many such systems must be evaluated. 
To summarize, this study was begun in an attempt to understand some of 
the factors which control the process of biological calcification. In partic-
ular, the function or the proteinpolysaccharide components of calcifying car-
tilage in this process Wa.s investigated by two R.pproaches. First, the calcium-
binding affinity of proteinpolysaccharides from areas representing stages in 
the calcification process was measured; second, the effect of these complexes 
on-the precipitation of calcium phosphate from metastable ionic solutions was 
determined. The results obtained are used to support a storage-release hypo-
thesis for the function of proteinpolysaccharides. 
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Chapter II 
MATERIALS AND METHODS 
A0 Preparation of Calf-Scapular Cartilage. 
-
Scapulas from 2 to )-day-old refrigerated carcasses of 3 to 6-month-old 
calves were obtained from a cor:lI!lercial slaughter house (Irwin Brothers, Chi-
cago, D.linois), and either cleaned immediately or kept frozen until ready to 
be used. 
The scapula at this stage of development is 15-25 cm in length, generally 
triangular in shape, ane composed of two distinct sections (Fig. 1). Because 
ossification proceeds along a "front" transverse to the long axis and across 
the entire width of the blade, the articular end of the scapula is completely 
ossified and the distal 2-5 cm is completely cartilaginous. The junction be-
tween these two sections lies along a nearly smooth straight line, and (as 
sho\.m in the sideview of Fig. 1) both cartilage and bone undergo thickening ..,t 
this region of transf or:01a ti on. 
The histological appearance of calf-scapular cartilage at this region of 
transformation was shown by Lindenbaum and Kuettner (1967) to be typical of 
nineralizable cartilaGe ~lsewhcre, particularly the epiphyseal plate (Fig. 2). 
The latter, uhich has been stuC.iec e:\:tonsivoly (Follis a.nd Berthong, 1949; 
Irving, 1960; HirschrJru'll'l, 1967), is the narrow bancl of pre-osseous cartilage 
tissue f 01.L"ld in you11:; fillino.ls ncc.r the ends of the lone bones o.n.6 fror.1 wl:ich 
grmrth in len::;th of lon;:; bm1es occurs •. fo both, three c'fati··1ct areas can be 
· - DIAGRAM OF CALF SCAPULA 
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.;·.~%'!• ,Jl.1b,. 
Fig. 1. Zones of C'J.lf Scapula. From ·Lindenba:mn and Kuettner, 1967. 
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(Tc) 
(Oc) 
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Width 
4-mm 
2rnm 
2mm 
Fig. 2, Cartilage-Bone Junction, Undermineralized calf 
scapula stained with toluicine blue and alizarin 
red S; 125 x. From Lindenbaum and Kuettner, 1967. 
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of cartilage cells that can be called "resting"; then there is an area of thin 
:flattened rapidly proliferating cells, the chondroblasts; finally there is the 
hypertroph~c area where, as these cells enlarge and become hydrated chondro-
c~es, their greatly thinned partitions degenerate and the intercoluninar matrix 
(osteoid) calcifies an<l forms the core of the bone trabeculae. 
The topographical features of the calf scapula.per~~t the segregation of 
its cartilage into three homogeneous zones, representing the stages of intra-
cartilaginous (endochondral) ossification beginning from the "resting" state 
up to the cartilaee-bone junction (Fig. 1). The 11rest~g 11 cartilage, Re, in-
cludes the area of preosseous cartilage that is at least 10 mr.i from the car-
tilage-bone junction. The zone closest to this junction, where the gradual 
degeneration of chondrocytes and calcification of matrix described occurs, is 
termed "ossifying" cartilage, Oc. Its extent is arbit;rarily set at 2 ~ 0.5 mm 
thickness. Adjacent to the Oc zone is the region of rapidly proliferating and 
hypertrophic cells termed the "transforming zone," Tc; it is a layer 4 ~ O. 5 mm _ 
thick. On the bony side of the junction, the scapula can also be segregated 
into zones, but in this study only the first 2 :!: 0.5 mm layer, "new bone" :Nb, 
consisting of trabecular bone plus remnants of partially calcified cartilage, 
was used. 
The tissue from each zone was collected and pooled from approximately 
150 to 175 scapulas. Th:r:ee to four scapulas at a time were removed from the 
freezer for tissue preparation. The remaining muscle was scraped off and the 
overlying layer of tough fascia loosened and peeled away. A blunt-ended in-
strument; such as a small screwdriver, aids in separating the fascia. After 
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the scapula was cleaned, the co.rtilage uas easily broken off from the bony part 
along the cartilage-bone junction. The first 2 mm along the broken edge of 
I 
this bony portion, zone Ub, is soft and easily scraped off with a scalpel. 
The tissue as it was being collected was placed in a beaker of "absolute" 
(95-100%) ethanol. Next, the first 2 mm of the edge of the cartilage portion, 
zone Oc, were ;>craped off and placed in a beaker of "absolute" ethanol~ The 
neJ..rt 3-4 mm, zone Tc, were then sliced off with the scalpel, diced, and· placed 
in "absolute" ethanol. The last zone, Re, was obtained by cubing a central 
piece of the remaining cartilage, approximately 25 mm square, from an area at 
least 10 mm from the zones undergoing transformation. The pooled pieces from 
each zone were then washed 3 times in "absolute" ethanol, air dried, and either 
used immediately for extraction or stored frozen. 
B, Extraction of Proteinpolysaccharides of Calf-Scapular Cartilage, 
1 , Degrada ti ve Method 
The extractable proteinpolysaccharides from each scapular zone were ob-
tained first by employing the method of Pal, Doganges, anc Schubert (1966). 
This method ;Yields a product, PP-L, by homogenization in an aqueous salt sol-
ution, 0.15 !:! KCl; a second water-soluble product, PP-12, is obtained from the 
remaining insoluble residue- by a second extraction in 0.3 !:! lf.d20H, . The ini-
tial product, PP-L, is then further fractionated into four products: PP-13, 
PP-L4, PP-L5, and PP-L6. This fractionation is based on the va:rrying solubi-
lity of PP-L in salt solutions differing in composition and concentration. The 
entire isolation procedure is depicted schematically in Figure JA. 
Either fresh or frozen ethanol-washed scapular tissue from each zone was 
I 
A.DEGRADATIVE METHOD 
After Pol, Oogonges and Schubert; 1966 
DRIED POWDERED rAPULAR TISSUE 
STEP I 
0.15M KCI 
RESIDUE (CR) I ~T~~--2 
~NH20H 
I 
SUPERNATANT (PPL) 
I STEP 3 2.5 M. CH3COOK I I , 
RESIDUE SUPERNATANT RES DUE (PP-LR) SUPERNATANT 
STEP 4 
2.5M CoCl2 
. I 
SUPERNATANT (PP-LRF) : I STEP 5. 
~.5 M CH3COOK · 
I I 
RESIDUE SUPERNATANT 
RESIDUE 
.. 
CRR PP-L2 PP-LG PP-L5 PP-L4 PP-L3 
, 8. DISSOCIATIVE METHOD 
After Sojdero cind Hoscoll, 1969 
and Hosea// and Sojdero, 1969 
I 
RESIDUE 
ID.3M NH2DH 
I I 
RESIDUE SUPERNATANT 
CR-Gu PPC-II 
DRIED SCAPULAR TISSUE I STEP I 
4 M GUANIOJNE HYDROCHLORIDE 
I 
SUPERNATANT 
p>c 
Fig. 3. Isolation Procedures for Cartilage Proteinpolysaccharides. 
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fir::;t homocenized in 11absolutett ethG.nol (100 El/g') in a VirTis-45 homor:;enizer 
at maxinu,n speed (,..J25,000 rpr:~) for 5 minutes. A dry powder was obtained and 
,.mighed af"t!er C.!9ntrifU:eing the homocenate for .30 minutes at 1200 rpm, washing 
the precipitate \dth acetone, and drying the product 24 hours in a vacuum over 
Pz05 at room temperature. 
a. Ste-c 1, In the first step of the degrac'Jative extraction, the dry pow-
dered cartilage \JUS mixec with 0.15 11 KCl (16 rag/nil)- in a 500-ml VirTis flask. 
The flask was placed in an ice bath anC:. the entire VirTis-45 unit was placed 
in a cold room during the .30-minute operation at ma.ximtun speed (,....,25,000 rpm). 
The homogenate was then centrifuged at 5500 rpm for JO·minutes at o0c. The 
supernatant was retained, and the residue was homogenized for a second 30-min-
ute pericxl in a fresh volume of 0.15 M KCl. A third homogenization for 30 min-
utes was done only with Re, which was the most abundant of the zones to be ex-
tracted ... A 100-200 pl. aliquot of supernatant was removed after each pericxl of 
homogenization, diluted to 10.0 ml With water in a volumetric flask, and ana-
lyzed for hexuronic acid. This measurement served as an indicator of the com-
pleteness of the extraction procedure. After centrifugation,. the clear super-
natants vrere combined; from the solution, the potassium ~alt of PP-L was pre-
cipitated by the addition of twice the volume of "absolute" ethanol. The pro-
0.uct was removed by centrifugation, washed with "absolute" ethanol and acetone, 
and driedo This PP-L -was further purified by redissolving it :in 200 ml of 
0.15 !1 KCl, and centrifuging the.solution in a Beckman ultracentrifuge at 
100,000 x g, for one hour at o0c. After the clear supernatant was decanted 
from the small amount of residue, PP-L was reprecipitated from the solut.ion by 
~------------. 
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the addition of 400 ml of "absolute" ethanol, This product was separated by 
centrifugation, washed with "absolute" ethanol and acetone, dissolved in water, 
dried by lyophilization, and weighed, 
b. Step 2, The wet residue remaining from step one was next mixed with 
500 ml of mI2oH (0.3 !:h pH 7) and shaken by a mechanical rotary shaker for 48 
hours at room temperature. (Hydroxylamine, mr2on, was prepared by neutralizing 
a 0.3 !1 solution of hydroxylamine hydrochloride with NaOH). This mixture was 
centrifuged, the supernatant retained, and the residue shaken with a fresh 
volume of ~TII20H for a second 48 hours. After centrifugation, the clear super-
natants were combined; 5 ml of glacial acetic acid in 1400 ml of "absolute" 
ethanol was then added to precipitate the product, PP-12. Both this hydroxy-
la.nine-extracted pro0.nct, FP-12, removed by centrifugation, anc the cartilage 
residue remaining (ORR) were each washed with "absolute" ethanol and acetone, 
and dried by lyophilization. 
c. Step 3.~ The product of the initial extraction wj_th KCl, PP-L, was 
stirreo for 16 hours with 2.5 !:! CH3COOK (2 mg/ml) at 5°C. The supernatant, 
0 
after s~paration by ultracentrifugation at 100,000 x g for l hour at 0 C was 
retained and the residue stirred for a second 16 hours with the same volume of 
fresh potassium acetate solution as was usec previounly. The residue was sep-
arated by ultracentrifugation, as before, anc th_c clec.r ::m;:ornato.nts conbinod, 
PP-L.3, the most abtmoant of the fractions of PP-L, was precipitated from this 
solution upon the acdition of t'..d.cc tho surcrnatant voltun.c of "absolute" 
othc.nol. This fraction uas sc;:-aro.tec by co.:itrifu::;2.tion, was!1cd with "nbsoluto 11 
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ircic,hcd; The r~siducs obtained l;ly ce::-itrifugo.tion in this step were cor.bined 
by rinsing out the centrifuee tul.Jes with small amounts of 0.15 .!1 CH3cooK, a.."1.d 
' precipitat=!-ng the product with 11absolute 11 ethanol. · 
6. Steu 4. This residue product, PP-LR, after being sepe.rated; vra.shed 
and dried, was stirred %or 16 hours with 2.5 ~ CaC12 (2 mg/ml) at 5°c. The 
mi..~ture was separated by ultracentrifugation at 100,000 x g for 1 hour at o0c 
an& to the decanted clear supernatant solution was added twice its volume of 
"absolute" ethanol, The precipi.tated product which resulted was collected by 
. centrifugation and dissolved in 250 ml of water, After conversion to the po-
tassium form by stirring with 2.5 g of Dowex~50W (K+ f~rm, x 4, 20 to 50 mesh), 
and adding 2.5 g CH3cooK, the potassium salt of the product PP-LRF was preci-
pitated by the addition of "absolute" ethanol, separated, washed, and dried, 
It would be further fractionated in step 5. The centrifuge tubes which con-
tained the residue remaining after. the ultracentrifugation of the CaC12 mix-
ture were washed out and combined in a water solution. This solution vra.s then 
stirred with 1,0 g of Dowex-50W into the K+ form and 1,0 g of solid CH3COOK. 
A product. in its potassium form, PP-16, was precipitated by the addition to 
the solution of twice its volume of 11al:>solutett ethanol. ·PP-16 was separated 
by centrifugation, washed with "absolute" ethanol and acetone, dissolved in 
H~O, dried by lyorbilization and weighed. 
• 
e. Step 5. PP-LRF prepared in step 4 was next stirred for 16 hours in 
2.5 !1 CH3CoOK (2· mg/ml) at 5°c. To the clear supernatant solution obtained 
after ultracentrifugation, at 1001000 x g for 1 hour· at o
0c, twice its volume 
of "absolute" ethanol was added. The resulting precipitate, PP-14, was.sap-
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arntcd by ccntri~ation, washed 'l.ri th "absolute" ethanol o.nc acetone, dissolved 
in water, dried by lyophilization and finally weighed. The residue remaining 
in the tubes after the ultracentrifugation was combined and dissolved in 
100 ml of H2o. The final product, PP-15, was precipitated from this solution 
by the addition of .200 ml of "absolute" ethanol,- separated, washed, dried, and 
weighed as before. 
Tb.is entire extraction procedure results in the separation of calf-scapu-
lar tissue into an insoluble residue, CRR, and a series of 5 water-soluble 
proteinpolysaccharide fractions. However, only in the extraction of resting-
scapular cartilage, Re, was a measurable amount of the fractions PP-14 and 
PP-15 obtained. 
2. Dissociative Hethod.. 
The extractable proteinpolysaccharides from each scapular zone were also 
obtained by·a second method -{Sajdera and Hascall, 1969). This method depends 
on the mobilization of most of the cartilage proteinpolysaccharides in the 
form of a singl~ water-soluble product, PFC, by gentle agitation in high-ionic-
strength solvents, such as guanidine hydrochloride. The principal product, 
PFC, can be separated from associated glycoproteins by cesium chloride-grad-
ient centrifugation • Jn ·che present study, the cartilage residue which re-
mained afte_r this extraction -was treated with h;rdroxyla.m.ine, as was done in 
the degradative procedure described above, to yield a second water.:.soluble 
product containing most of the previously_une~-tracted heXlll'onate. It was 
called PPC-II to indicate the similarity of its preparation to PP:L2. The 
entire isolation procedure is depicted echematically in Figure 3B. 
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A preliminary experiment was done to determine the molarity of guanidine 
hydrochloride and the length of time that would be required to extract protein-
polysaccharide fr0111 calf-scapula in the ereatest yield. Eight glass-stoppered 
125-ml Erlenmeyer flasks were prepared; each contained 15 ml of guanidine hydr 
chloride (:Mann, Ultra.pure grade) which varied in molarity from l li to 8 li· 
· These solutipns were made by dilution of 8 M guanidine hydrochloride which 
contained 0.05 li CH3cooNa, and was adjusted to pH 5.8 with HCl. To each flask 
was added 1 g of diced cartilage obtained from the resting-cartilage zone of 
calf scapula. The flasks were placed on a mechanical shaker where they were 
gently rotated at room. temperature. At ten different time intervals from 2 to 
48 hours~ a 100 pl aliquot was removed from each flask and diluted with water 
in a 5.0 or 10.0 ml volumetric flask. These diluted samples were then ana-
lyzed for hexuronic acid. After the -0ptimtun molarity of the extracting solvent 
and the time required for maximum extraction had been determined, isolation of 
the proteinpolysaccharides of calf scapula by dissociative extraction was car-
ried out as follows: 
Calf-scapular tissue from all four zones, either fresh or frozen, was 
dried in a vacuum over P2o5 for 24 hours. A solution of 4 M gu.anidine • HCl 
containing 0.05 £! CH3C00Na and adjuste~ to pH 5.8 was mixed with each dried 
weighed sample (15 ml/g), together with a small crystal of thymol, in a 125-ml 
Erlelllleyer flask fitted With a ground-glass stopper. The flasks were agitated 
gently by a mechanical rotary shaker for 24 hours at room temperature. 
Following extraction, the supernatant liquid was separated from the resi-
idue by either: a) adding 5% (w/v)Hyflo Super-Gel as a filtration aid and 
4S 
filteririg the mi..xture through 41.Il Wliatman paper with suction; or b) filtering 
r:dxture through several layers of cheesecloth, then clarifying the filtrate by 
centrifugation at 5500 rpm for 30 minutes at o0c. The cartilage residue was 
reserved for treatment with hydroxylamine. The voltune of the filtrate was then 
measured and a 100.pl ~iquot was taken ant diluted in a 10.0 ml volumetric 
flask for hexuronic acid analysis. The remaining filtrate was treated to 
yield the product PFC, either in a single-step preci::,itation, or after separa-
ti on from other molecular specie.s, such as glycoproteins, in a cesium chloride-
· gradient-centrifugation step. 
The PFC that was weighed and analyzed for comparison with the PP-L complex 
obtained from degradative extraction was directly precipitated from this clear 
filtrate by the addition of twice its volume.of "absolute" ethanol. 'This pro-
duct,after separation by centrifugati~n, was then dissolvbd in 1 liter of 
. . + . 
1 li CH3COOK, 8.nd stirred with 10 g. of Dowex-50W (K form). From this solution, 
the potassitun salt of PFC was precipitated by the addition of 2 liters of 
"absolute" ethanol •. After centrifugation, this product was washed with ttabso-
lute" ethanoLancl acetone, dried, dissolved in water, lyophilized, dried by 
vacutun over P2o5, and finally weighed. 
In other preparations of PFC, the clear filtrate obtained from the ex-
traction with guanidine hydrochloride was dialysed against 2 liters of 
O. 05 !:! CH:fOONa for 16 hours at O 0c. The filtrate, after dialysis, was weighed 
and brought to a.density of 1.4 g/ml by the addition of solid cesium chloride 
(-v0.65 g/g of filtrate). The density was measured by weighing aliquots in a 
200 pl micropi})'tte. .An equilibrium-density gradient was then formed by c~ntri-
r __________________________________ , 
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tugation of this solution in a Beclanan preparative ultracentrifuge (50 Ti rotor 
44,000 rpm, 24 hours, 20°0). The contents of the lower 2/5 of each centrifuge 
tube was obtained by puncturing the bottcm of the tube and collecting the first 
4 ml that emerged from this opening 'When a slight positive pressure was ap-
plied with a syringe to the screw hole in the Beclanan-tube cap. These fraction 
were combined for each zone, then dialyzed exhaustively against w.ter to re-
" ove the cesium chloride. Pro was precipitated from this solution after dia-
lysis was completed by the addition of twice the volume or "absolute" ethanol. 
This product, after separation by centrifugation, w.s converted to its potas-
sium salt by ion-exchange resin, reprecipitated, washe.d, dried and weighed as 
described above. 
The presence of nearly 80% of .the extracted hexuronate in the lower 2/5 
of the gradient, after establishment of equilibrium by ultracentrifugation with 
sCl as described, was confirmed by the fractional analysis or the contents or 
representative ultracentrifuge tube. The bottom of the tube was punctured in 
e manner described above and 20 fractions of 0.5 ml each were collected. Each 
action was analyzed for density, hexuronate concentration, and relative pro-
in concentration (Fig. 4). 
· The cartilage residue was then further treated to release the remaining 
exuronate-containing materials. The wet residue was transferred to a 125-ml 
lenmeyer fiask fitted with a ground-glabs stopper. After 100 ml of 0 • .3 li 
20H, pH 7.0, was added, the fiasks were agitated gently by a mechanical ro 
haker for 24 hours at room temperature. This mixture was filtered through a 
oarse porcelain filter, the supernatant retained, and the residue shaken -with 
a fresh volume of N:rI2oH .for a second 48 hours. The filtrates were combined and 
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Fig.4. Analysis of Proteinpolysaccharide Fractionated in a Cesium Chloride-Density Gradient. 
The density of the mixture before centrifugation was 1.4 g/g. Mixture was centrifuged 
at 44,000 rpm for 24 hours at 2ooc. 
"' .0
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centrifuged. To the clear supernatant was added l ml of glacial acetic acid 
in 500 ml of "absolute" ethanol. The precipitated product, PFC-II, was sepa-
rated by centrifugation, washed with •absolute" ethanol and acetone, dissolved 
in water, dried by lyophilzation, and \Jeighed. 
This entire extraction procedure results in the separation or calf-scap-
ular tissue into an insoluble residue, CR-Gu, and 2 water-soluble proteinpoly-
. saccharide fractions, PFC and PFC-Gu. 
c, .Ana1rlical Methods Used to Characteri-ze Proteinpolysaccharides of Calt-
Scapular Cartilage. 
1. Hexuronic Acid Analysis. 
The method used for all assays of tissue hexuronate reported in this 
study was Bitter and Muir's (1962).modification of the earlier carbazole me~ 
thod of Dische, (1947). The method is based on the principle that sugars 
treated with concentrated mineral acids yield mixtures of products, some of 
which react with various organic substances to give colored complexes. In 
this method, hexuronic acid iii concentrated sulfuric acid reacts quite speci-
fically with the organic.reagent, carbazole, to yield the pink complex, 
5-f~l furoic acid. 
The acid reagent in this modified method is 0.25 H N8if3407 • 10 H20 in 
concentrated H~04 (analytical grade, pretested for interfering impurities). 
Aliquots of 5 ml of this reagent ~re pipetted into pyrex, screw-capped, 15-ml 
test tubes. The tubes were placed in a rack and cooled to 4°c in an ice bath. 
Then 1.0 ml of aqueous standard or sample containing from 4 to 40 pg hexurcnic 
acid/ml was carefully layered on to:p. The tubes were sealed with Teflon-lined 
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co.ps anc agit<ited at first gently, then vigorously, while still ir:JUersed in the 
ice to prevent the tcmi:er~:..ture of tho r:UJ:ture fro111 risinc above room tempera-
ture during the mixing y;eriod. The tubes were then placed in a raridly boil-
ing-water bath for. 10 minutes. After the tubes were cooled to room tempera-
ture, they were op?nec and. 200 µ.1 of cnrbazole reagent were added to each tube. 
carbazole reagent, 0.125% w/v in "absolute" ethanol, was prepared in a C.ark 
bottle, dated, and stored in the refrigerator (stable for 12 weeks). After re-
capping, the tubes were shaken for 10-15 seconds on a Vortex mixer and returned 
to the boiling-water bath for 15 minutes. C6lor development was cor:iplete after 
30 minutes at room temperature. The absorbancesof the solutions were then read 
at 530 nm in 1-cm cells against a blank of concentrated HzS04 in a Beckman DU 
spectrophotometer (sensitivity 3, slit width 0.06 :mm). 
The color is stable for at leas~ 16 hours. Dust, chlorinated tap water, 
nitrite, or·peroxide are interferences which turn the solution green. These 
contaminants may usually be prevented by: a) careful cleaning and distilled-
water rinsing ~f the reaction tubes; b) preventing contact of the solution with 
the tube caps by Teflon liners; and c) using f~esh pretested H2so4 when pre-
~aring the acid-borate reagent. 
After correcting for ~he reagent blank (which should have an absorbance 
reading of (0.025 against sulfuric acid), the h~xuronate concentration is ob-
tained from a standard calibration curve or from equation 1. 
absorbance or·sample pg hexuronate ·of sample= absoroance of st~ndard x )lg standard x 1.1023 (1) 
The factor,1.102J,inequation 1 represents the ratio between the molecular 
'•l··i·· 
weights of glucuronic acid (194.14) and glucuronolactone (176.12). Glucurono-
lactone is used as a standard in tl1is procedure because of the diffi~iJ' of 
isolating the free acid. 
Standards of 4-40 }lYml were prepared fresh each day using deionhed-dis-
,,1. 
tilled water saturated with benzoic acid to dilute a stock standard sof~on 
(400' pg/ml) also prepared with, benzoic-acid-:aturated distilled n2o. :t-
stock solution is stable for six months at 4 C. The final solution ot.1 ~u- , 
. t',111 .. 
curonolactone standard containing all reagents has an average extinct~q , 
(E ~~530 nm) of 169:!: 0.5 (m~an ± standard error). '~. "~t{ ,. 
The data from several independent analyses of 5 dilutions of the ••.. 
, .. ,;~,:· •:"'I'.,,', 
stock solution are given in Table 1, and were used to plot the calibr- · ,, 
<~~::\ ,, 
curve, which is linear over the range 4-40 p.g hexuronate/ml (Fig. 5). 
TABLE I 
Determination of Glucuronate Standards 
" 
Concentration NUlllber of a 
Standard (pg/ml) Determinations Average Absorba.nce 
:.,: 
+ 1 4 16 0.0740 0.012 
2 12 12 0.2035 + 0.027 
3 20 15 0.3261 + 0.019 ' 
28 14 0.4737 + 0.025 -4 + 5 40 14 o.6347 
-
0.032 
a + t · · · · t• 
, 
mean - s an(~2Tc... c·ov1a 1011 
This method is particularly useful for analyzing the water-soluble pro-
toi:r.:r,olysucche.riccs 'oecau::ic it rcc1uiroG no r;:celiminary hydrolysis rrocec':ure. 
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Fig. 5. C&libration Curve for Uronic Acid Jnalysis. 
Insoluble hexuronate-containing samples, such as unextracted tissue or the 
residue remaining after extraction, are first dispersed by heating at lOO°a 
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in 1.5 !:! H2S04 for 30 minutes. Glucuronolactone samples treated in this way 
before analysis showed nearly 100% recovery as shpwn in Table II. 
• 
Effect of 30 minute Heating (100°C) in l.5 !:! H~O.l. on Recovery of Glucuronate 
Concentration in 
Sample Weight Volume of Acid Final Solution 
(mg) (ml) )lg/ml 
10 29.0 
10 20.5 
Amount 
Hexuronatea 
Detected 
31.0 
27o5 
29.3 
26.5 
31.0 
30.5 
30.7 
a in pg glucuronolactone from calibration curve. 
2. Protein Analysis 
% 
Recovery 
106.9 
94.8 
101.0 
91.4 
101.6 
100.0 
100.7 
In the analysis of the fractions obtained by ultracentrtf'ugation of dis-
sociatively-extracted scapular tissue in a cesium-chloride gradient (see Veth-
ods B-2 above), relative protein concentration w-as determined by a spectro-
photometric method based on the absorbtivity of the peptide bonds (Murphy and 
Kies, 1960; Waddell, 1956). The extinction of the diluted protein concentra-
tion was obtained at two different wavelengths (215, and 225 nm) and the 
difference-value absorba.nce was taken as a measure of the relative irotein con-
centration. 
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RelatiTe protein concentration~.6Absorbance =A (215 nm) - A (225nm) (2) 
All other protein values in this study were obtained by slight modifica-
tions or the Lowry (1951) method. This is a colorimetric method having two 
distinct steps: a) reaction of the protein with copper in an alkaline solu-
tion;and b) reduction of the phosphomolybdic-phosphotungstic acid reagent by 
the copper-treated protein. 
With soluble samples, such as the proteinpolysaccharides, no preliminary 
digestion is required. Folin-Phenol reagent (Fisher Scientific Phenol Reagent), 
phosphotungstic-phosphomolybdic acid is freshly diluted (3.6 ml Folin-Phenol 
+ 6.4 ml distilled H2o) to make a sufficient solution B for the day's analyses. 
The other required reagents are: sodium or potassium tartrate, 2% w/T in H20; 
euso4 •5H20, 1% w/T in H20; and Na2C03, 2% w/T in O.l ti NaOH. From these, pre-
pared in advance and kept cold, solution A is prepared fresh each day before 
use by mjxing 1 ml tartrate solution, 1 ml copper solution , and 100 ml sodium 
carbonate solution. A series of standards, with concentration from 10 to 100 
pg/ml was prepared by diluting with distilled water a refrigerated stock sol-
ution of crystallite bovine-serum albumin (500 pg/ml). 
The procedure used was to place a l.Q-ml aliquot of either standard or 
sample containing from 10 to 100 pg protein/ml in a 15 ml test tube. While the 
tube was shaken constantly, 5 ml or solution A was rapidly added and immediate-
ly mixed 10-15 seconds on a Vortex mixer. After a lo-minute wait, the tube 
was again shaken during the addition or 500 pl of solution B. The contents 
were again thoroughly mixed 10-15 seconds on a Vortex mixer. Color develop-
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ment -vtaG complete after 30 mi::l.utcs, and the sCJll:'.:lles wore read in 1-cm cuvettes 
in a Becbnan DU syJectrophotomcter (sensitivity 7, slit 0.04 mm) at 690 nm. 
I 
The results were calculated from the standard calibration curve shown in 
FiGUI'e 6. The color produced in this reaction is not strictly proportional 
to concentration; consequently, the calibration curve shows distinct non-lin-
ee.rity, especially over ·wider ranees than used here. Table III gives the data 
from several independent analyses of 5 dilutions of the standard bovine-serum 
albumin used to plot the calibration curve. 
TABLE III 
Determination of Protein Standards 
number of 
Standard Concentration (µg/rnl) Determinations Average Absor'l?ancea 
1 10 5 .0356 + .• 007 
2 20 5 .0702 + .003 
3 40 5 .1254 + .011 
4 80 5 .2250 + .013 
5 100 5 .2674 + .012 
-
a . + 
mean - standard deviation 
3. Hexosamine Analysis 
The colorimetric determination of hexosamine is based on the reaction ori-
ginally used by Elson and l·forgan (1933) for analysing glucosamine and c_hondro-
samine. Since that time a great many ·variations and modifications of the meth-
od have been introduced to overcome some of the difficulties enqountered in the 
procedure, particularly when it is extended to the analysis of tissue hydroly-
sates. The determinations of hexosamine in zones of calf scapula or the pro-
teinpolysaccharides extracted from them,.reportod in this study ,were based on 
r· ~ 
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the modifications of Che.r.g (1968). 
The Elson-Morgan reaction depends on the acetylation of hexosamines with 
acetylacetone, and the condensation of this product 'With p-dimethylaminoben-
zaldehytle (Ehrlich's reagent). The analysis is a three-step procedure. 
a. Step 1. Hydrolysis and Neutralization. The vacuum-dried proteinpoly-
saccharide fractions and dried unextractcd tissue from each scapular zone were 
weighed and 2-5 mg of each was placed. in 15-ml pyrex tubes with screw caps and 
Teflon liners, The samples were hydrolyzed by adding 2.5 ml of 4.0 !! HCl, 
sealing the tube, and heating in oven or water bath at l00°C for 6 hours. 
A~er the hydrolysis, the contents of tho tube w~re transferred to a 10-ml vol-
umetric flask, together 'With rinsings of 5 portions of 1 to 1.5 nil distilled 
n2o. The combined solution was ma.de up to volume with distilled water. This 
diluted hydrolysate, now 1.0 M HCl, was filtered tvtlcc through_a dry folded 
7 cm 'Whatman No. l filter piper and stored in a screw-capped tube in the re-
frigerator. 
The filtered solutions were neutralizoc~ by pipetting C:uplicate 2-ml ali-
quots from each into a 30-ml bottle, followed by a 2-rnl aliquot of 1.0 !! NaOlI. 
A ~a.nk sample of 2 ml of 1.0 !i HCl and 5 star.dards (20-60 µg/2ml) of D-gluco-
santl.ne-HCl prepared in 1.0 !1 HCl were neutralized in the ~rune way. After mix-
ing, the total volume of 4 ral was f ourn:: to vary in acici ty (with y:hcnolphtha-
lein as inCicnto:c) by no more than on._: lro:: of l.O 11 I:Cl or IktOII. 
b. Sten 2. acot7lation. Tho acctylatioh ste::: wus <lone by !~·ipettinc 2 :rnl 
of acetylaccto~1e rc;c:<:c21t 5.>~.to each bottle cont:.:.i:1in:.:; the 4 ml of ncutro..li?.od 
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::io.;-:1:;.~1le. or stanC!arc' anc sea.lin,::; the bottles with Teflon-lined screw caps. Acet-
ylc.cetone reagent was· freshly r·rcparec' each C:ay by dissol vine 4 ml acetylace-
tone (Fisher Scientific Co~, reagent grace; if not- colorl~ss, redistillec1 at 
atnospher:i:c prcssm~c, b. p. l.38-l40°C; kept in refrigero.tor) in 100 ml of 
o.625 ll na2co3 solution. .After thorough agitation of the acetylacetone rea-
gent anec ~arnple mixture, tho bottles were heated for one hour in oven or water 
bath at 90-91°C. The bottles were then cooled to room temperaturein cold. 
water. 
c, Sten 3. Condensation. Aliquots of 16 ml of 95% ethanol wore added to 
each bottle containing the acetylatcd solution and the contentswere thoroughly' 
rn.i."'Ced. The bottles were then reopened to add 2 ml of Ehrlich 1 s reagent to 
each, t.he caps replaced, and the contents again mixed. The bottles ·stood at 
room tenperature for one hour to all'?w the reaction to proceed. The abq_orbance 
of each solution was then measured at 530 nm in a 1-cm cell by a Beckman DU 
spectrophotometer (sensitivity 3, slit width 0.04 mm). 
Ehrlich's reagent was prepared, 24 hours before use, by dissolving 12.8 g 
of p-cliIP~thyla.minobenzaldehyde (Eastman, reagent grade} in 240 ml of 95% ethan-
ol; 240 IDl of concentrated HCl (sp. gr, 1.18) were added ·to give a pale yellow 
solution which was stable fbr 2 months when kept in an amber-glass container 
in the refrigerator. If the solid aldehyde is a discolored grey rather than 
faintly yelloY~ it is purified according to the method· or Hutterer and 
Sinecr (1960). The crystals are dissolved in 95% ethanol and heated to 70°C. 
Activated charcoal (l-5g) is added to the hot solution and stirred for 5 min-
utes. While the solution is still hot, it is filtered through #42 Whatman 
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paper with suction into a receiving nask being heated on a hot plate. To the 
hot filtrate is added 4 times its volume of water, or until no further precipi-
• 
tation occurs. This suspension is filtered at room temperature through a 
Buchner funnel with 41H Vfuatman paper. The fine faintly yellow crystalline 
product (several repetitions of the process may be required to achieve this 
color) is then washed several times with water and dried in a vacuum over p2o5• 
Hexosamine values vlbre calculated from the standard calibration curve 
show in Figure 7, or from equation 3: 
1 absorbance of samnle and d. 8 ;i.g hexosamine of samp e = absorbance of' standard x )lg st ar x o. 309 (3) 
Thefactor,.8309, in equation 3 represents the ratio between the molecular 
weight of free hexosrunine (179.17) and the standard used, D-glucosamine-HCl 
(215.64). The free hexosamine values obtained include both the more abundant 
galactosamine, which reflects the chondroitin sulfcte A or C concentration, 
and the glucosamine, which reflects the smaller amount of keratan sulfate us-
ually found in proteinpolysaccharide preparations. The data from several ana-
lyses of 5 dilutions of the standard stock solution are given in Table r.T, and 
were used to plot the calibration curve (Fig. 7). 
Stc.::durd 
1 
2 
3 
4 
5 
TA3IE r.T -
Determination of D-Glucosmlline-HCl Standards 
Co.:-iccntrc.. ti on (pc/i:ll) 
20 
30 
40 
50 
60 
l~rnnber of 
· Detcrr±10.tio:.1s 
8 
8 
0 
u 
B 
s 
C:.cvic.tim 
.., 
avcr<:".r;c Ab::rnrb.s.:1cc 
0.0723 + 0.009 
0.1070 ± 0.011 
+ O.JJ~22 + 0.014 
0.1769 + c.010 
0.2144 o. 005 
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1. .• Eauivalent-Weight Determinations. 
a. Description of Titration Assembly:. The soluble proteinpolysaccharides, 
after conversion to their acid'form, were titrated to obtain their equivalent 
weights by employing a sensitive automatic-titration apparatus previously con-
structed at Argonne National Laboratory under the direction of Drs. K. Kuettner 
and A. Lindenbaum. This apparatus has proved useful for resolving and measur-
ing diverse titratable groups in soluble-macromolecular. polyelectrolytes 
~ (Kuettner and Lindenbaum, 1964; 1965), including proteinpolysaccharides. As 
sho-wn in Figure S, the titration assembly consists of two 10-ml uniform-bore 
piston burettes containing O.L!1 NaOH and 0.11;! HCl, .respectively, driven by 
synchronous motors. The water-jacketed sample holder allows small liquid sam-
ples to be magi:i.etically stirred at constant temperature (25°0) under nitrogen. 
The samples are titrated by use of a combined glass-ca+omel electrode (type 
M 455-NS/2 from Polymetron Ltd., Zurich, Switzerland) connectE:ld to a direct-
reading pH meter (Leeds and Northrup No. 7664) and a recorder (Brovm Elect-
ronik) driven by its o"W!l synchronous motor for instantaneous measurement of pH 
changes in the titration vessel. By suitable calibration, vertical chart dis-
tance becomes equivalent to volume delivered by either burette. 
b. Preliminary Preparation. Two liters of O.l !f HCl were prepared by di-
luting lq.5 ml of conc&ntrated a:oid (sp.gr. 1.18') with a~-free double-dis-
tilled H2o. Aliquots of this were titrated against 50-100 mg portions of 
Na2co3 (NBS Primary Standard, vacuqm dried 48 hours over P205) with 1-2 drops 
of methyl red (0.02% w/v in 60% ethanol) as indicator. The primary standard 
was dissolved in 10.0 ml of double-distilled H2o and the solution was cooled 
Fig. 8 The Titration Assembly. The 10-ml piston burettes (A and B) are driven by 
two synchronous motors ( C and D) and filled from reservoirs (E and F). The 
sample is held in a jacketed holder (G), through which temperature-controlled 
water from the water bath (H) is pumped. Changes in pH are detected by the 
pH meter (I), and recorded as a continuous titration curve on the recorder (J). The sample is stirred by t he magneti c stirrer (K) . 
' 
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to 5-lo0c. After titrating until the solution turned pink, the solution was 
heated to boiling, recooled, and again titrated to a pink color. The endpoint 
is reached when the solution maintains a faint but definite pink color after 
boiling and recooling. The concentration of acid was then calculated accord-
ing to the formula in equation 4: 
meq/l HCl = (meq/l of Na2C03) (10.0 ml) 
iri1 HO! reqilied 
The average concentration of acid was found to be 0.09722 !! t 0.00001 after 
(4) 
two independent titrations. The standardized acid was stored in a glass rea-
gent bottle fitted with a ground-glass stopper; the bottle was further protect-
ed against evaporation or contamination by clear cellophane wrap over the 
bottle top and cover. 
Next, 2 liters of 0.1 kl NaOH were prepared by dissolving 8 g of solid 
NaOH, reagent gra.de, from a newly opened bot+.le in about 300 ml of co2-free 
double-distilled water, in a hood with constant stirring. After cooling this 
solution to room temperature in cold running water or ice bath, the solutioa 
is transferred to a volumetric flask and diluted to 2 liters with co2-free 
do~ble-distilled H20. Aliquots of this solution were titrated with the stan-
dardized acid to pH 7.0 by using the automatic titrator and recorder. The 
average concentration was 0.09985 ± 0.0016 .M NaOH. The standardized base was 
stored in a heavy-walled rolyethy1ene bottle, with cellophane 1n-ap over the 
screw-capped closure. 
The titration assembly was prerl'.rec'J b;:r filling the water bath with H20, 
a....,c; b:r adcb.c 100 nl of the st[;.:-:.dn.r0.i7od r.cY 11'1<' b::>.::oe to t~10ir resnective ro-
i~·. --------------------J 
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servoirs. The two btlrettes were filled out to the delivery tips and all tubing 
cleared of bubbles. The burette screws were each coupled to their respective 
burette pistons and the unit counters returned to zero. When either burette 
motor ws activated, the turning of the btlrette screw would drive the piston· 
into the burette, delivering its contents at a set rate. The convenience out-
let was turned on to warm up the pH meter, and the circulating pump turned on 
~ 
to allow the thermostatically-controlled water from the water bath to bring the 
temperature or the jacketed sample holder to 25°0. 
The proteinpolysaccharide sample to be titrated was vacuum-dried over 
P205 and a 25-50 mg portion quickly weighed out and dissolved with 8 ml or dis-
tilled water in a 15-ml stoppered conical centrifuge tube. Dowx SOW resin 
(l g), in the acid form, -was added to the solution and the tube was shaken for 
l<>-15 minutes. The mixture was centrifuged for 15 minutes at 1100 rpm; S ml 
or the supernatant was removed with a Pasteur pipette and filtered through a 
fine-sintered-glass filter with suction. This clear filtrate was transterred 
to a clean titration sample vessel and diluted by the addition of 15 ml ot dis-. 
tilled water. Then to the remaining resin mixture in the centrifuge tube -.a 
added 2 ml of distilled H2o. Arter mixing for 5 minutes and centriruging, the 
supernatant is decanted into the sintered-glass filter and the procedure re-
peated with another 2 ml of H2o. After all the remaining supernatant solution 
had been filtered through sintered glass, this combined filtrate was trans-
ferred to a second titration sample vessel, diluted to about 20 ml, and served . 
as a duplicate. 
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The pH meter was calibrated before titrationo began and between each ti-
tration with standard pH 7.0 buffer so that at a meter meading of 7.0 the re-
corder pen would be at position 50 of the 0-100 recorder scale. 
A small close-fitting, Teflon-coated bar magnet was added to one of the 
prerared titratio~ vessels containing 20 ml of aqueous sample. The vessel 
was inserted in the jacketed sample holder with the tips of the two burette 
delivery pipettes and the electrode immersed in the liquid to a depth just 
above the magnet. The stirrer operated at maximum speed during the 5-10 mi11-
ute period of equilibration period. This time allowed the N2 gas, after hav-
ing passed through a water-bubbler trap, to displace the air above the sample-
solution level and allowed the temperature of the ·solution' to stabilize at 
25°c. The recorder was turned on to establish a base line while the burettes 
and tubing were again checked for bubbles out to the tips of the delivery 
pipettes. ·The stopcocks of the two burettes were opened.· The base-burette 
switch was then turned on; this switch not only began the titration, but also 
activated the pen-marker on the recorder. When the sample had been titrated 
completely to its basic form, the base~burette switch was turned off and .the 
acid-burette switch turned on to back-titrate the sample to neutrality. After 
the recording passed the sea.le-mark of 50 (pH 7.0), the titration was termin-
ated, the stirrer turned off and the sample vessel removed. The electrode 
and delivery pipettes were rinsed and wiped dry, the pH calibration rechecked 
with standard buffer, and the titration-repeated as before with the duplicate 
sample vessel prepared. 
Immediately after each titration, the contents of ea.ch titration vessel 
were qua_~titatively transferred to a tared evacuated lyophilization fla3k. 
r 
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This is a lightweight flask equipped with a high-vacuum Teflon stopper arld·ia 
used to determine an accurate weight of lyophilized residue. The titrated. 
sample solution is lyophilized at a pressure of about 0.3 Jm11 Hg for 24 haurs 
'\' 
and the weight of residue found by difference. 
The titration apparatus was calibrated to allow the conversion ot unit.is 
(burette-screv revolutions) to milliliters of titrant delivered to m111:211ttiei-s 
.; ' . ' ., ... ; ~ ,, 
j 
of recording paper. Therefore by recording either the units on each 'bare1ta• 
{ : 
motor counter, or the millimeters of recording paper l:etween the pen mar~ 
. ·) . 
which indicate the beginning and the end of the titration and the back-etre,.i. 
tion, one can determine the volume of acid and base added to the solutiO!l#'' • 
''· '-1 
reproduction of a representative titration recording obtained with a proteiJl.., 
polysaccharide solution is shown in 1igure 9. The continuous titration ~ 
. '<·.•' ' 
for the soluble proteinpolysaccharides studied has, in aqueous solution, a 
very -weak first inflection point r~presenting the titration of the s~ate 
groups, and a sharp second inflection point representing the titration ot tbe 
carbaxyl groups. Only the carboxyl end point was used in determin,ing the equi-
valent weight. ~This end point was determined by drawing tangential lines to 
the inflection curves and finding the midpoint of the inflection by the method 
of parallels. 
The milliequivalents of base required to neutralize the sample was cal-
culated by multiplying the millimeters of chart -paper from the titration 
starting point to the endpoint x 0.02 x the normality of the standard base. The 
dry weight of each titrated sample, obtained after titration and lyophilization 
was corrected for the weight of additional NaCl formed during the back-titra-
TITRATION OF PROTEINPOLYSACCHARIDE 
ACID o-..:::::==---=;;;:;;;::;:::::::-----1 1---.::E~ND::-:=E~D -1.18 m I AC I 
I 
AC ID --=BA:..:.::S:.=..E __________ _,...., 
STARTED 3·34 ml BASE ENDED 
EQUIV. 
POINT \ 
END 
POINT 
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.,..__~--------~B:ASE srria~E=o----------------. 
pH 4.0 7.0 10.0 
. Fig. 9. Reproduction of Typical Titration Chart. Sample of 36.66mg of PP-t3 Tc 
titrated with 0.09985 M NaOH and back-titrated with 0.09722 M HCl. 10H is shown 
al~-1.:0- tb·"' bo1··~ry~, .. ~·,,1 .. ,"."'.'.;San·~ '".;lli"l.;J ... .,, ';'"" "hnce 01' "'C:c· ·n,.,-J.1 "'P''"'"·.:_ted '~S ' ........ _ v.._-C., J .,,,,...... .._ .J...,,._l.i.i.i..>u..-. <.-c..,.,~..J.. ..\. l.A. 1.u..J.. .J..l>O:..,J. •-~' \. J.. LJ';:.J.~ ~ ..r.. ~ J.. o;,,;. ··"" --1-.)~ ... J.VC4 \..o\oi. , _.~ 
tical distances. Tangential linas coustructed to determine the carboxyl end 
Poir,t (indicated by arrow) are also shown. 
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~ion; this weight was then divided by.the milliequivalents of base required 
for neutralization obtain the equivalent weight. A sa.r.iple calculation is 
given in Table v. 
TABLE V 
Calculation of Equivalent Weight of Sample Titration Sho'W?l in Figure 9. 
A = wt. of residue = flask wt. after lyoph. evacuated-flask wt. 
0.04840 g = 62.24505 g 62.19665 g 
B = ml NaOH req. to = mm paper from start to x 0.02 ml/mm 
titrate equiv. point 
2.02 ml = 101 mm x 0.02 ml/mm 
C = ml HCl used to = mm paper from start to x 0.02 ml/mm back-titrate pH 7.0 
1.18 ml = 59 mm x 0. 02 mr/mm 
D = total ml NaOH = mm paper from start to x 0.02 ml/mm 
change to acid 
3.34 ml = 167 Ill1!1 x O. 02 ml/mm 
E =mg Na = D x cone. of base x at.wt. 
7.6705 mg = 3.34 ml x 0.09985 !:! x 23 
F =mg Cl = c x ·cone. of acid x at.wt. 
4.0727 mg = 1.18 ml x 0.09722 !:! x 35.5 
G g mg NaCl = E + F 
11.7432 mg = 7.6705 mg + 4.0727 mg 
H = wt. of sample = A G 
36.6569 mg = 48.40 mg 11.7432 mg 
I= meq. NaOH req.to 
titrate = B x cone.of base 
0.2017 meq. = 2.02 ml x 0.09985 !:! 
J = equivalent wt. = H .II. I 
• of sample 
181.7 = 36.6569 mg • 0.2017 meq. • 
70 
D. Method Used to Determine the Calcium-Binding Constants, 
1. General Description of Method, 
71 
A weak-acid cation exchanger, Chelex 100, ws used to obtain calcium-
binding constants for the proteinpolysaccharides, The method (Schubert, 1948) 
is based on the principle that the degree to which unbound-calcium ion ex-
changes with the resin is quantitatively related to the extent to which calcium 
is bound by the proteinpolysaccharide present. The use of radioactive calcium 
allows this binding constant to be measured at extremely low concentrations 
(rJ 10-8 moles/liter in this study). The procedure consists or determining the 
fraction of radioelement adsorbed by the resin in the presence and absence of 
a !mown amount of .complexing agent in a solution adjusted to a constant ionic 
strength, 
Chelex 100 (Bio Rad, Analytical Grade, 50-100 mesh), the resin used in 
this application or Schubert's method, is a styrene divinylbenzene copolymer 
containing iminodiacetate functional groups. Although it is structuralq 
classed 'With the weak-acid cation exchangers, because of its carboxylic acid 
groups, it is a chelating resin which differs from other cation exchangers.in 
several respects, most importantly in its high selectivity, This propert7 is 
a function, not of ion size, charge, or physical characteristics, but prim&rily 
of the iminodiacetate chelating group bound to the resin, 
2, Definition of Equilibrium-Distribution Coefficient, 
For a given weight of exchanger resin and voll.lllle of solution, the ratio 
between the amount of a tracer cation (in this case Ca++) adsorbed by the resin 
and the amount remaining in the solution is a constant. This constant, re-
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presenting the equilibrium distribution of the tracer ion between the resin 
and solution, is called the distribution coefficient, Kd. Twp measurements of 
this coefficient are made:: Kd 0 , when only the resin and the isotopic calcium 
ion are present in the buffer solution; Kd, when ~he isotopic calcium ion, 
the resin, and a soluble molecule also capable of binding the cation are pre-
sent. A Kd ( Kd o indicates the binding effect exerted by the added molecule. 
Derivation of Formation Constant from E uilibrium Distributi 
and Schubert, 1953. 
The reaction between the Chelex resin and Ca++ in a solution of Tris 
buffer, pH 7.2, can be written::. 
(5} 
If R~ represents the insoluble anionic part of the resin, equation 5 can be 
rewritten: 
Ca++ + R-- -----t~ Ca R. 
The addition of an anionic proteinpolysaccharide capable of binding calcium 
reduces the concentration of free Ca++, and therefore reduces the uptake of 
++ the Ca by the resin according to the following equation: 
Ca++ + nPP- ----. 
(6) 
(7) 
where PP-- represents the assumed charge of the anionic group of proteinpoly-
saccharide, and n represents the number of anions relative to the number of 
ca++ in the complex. The formation constant, Kr, for equation 7 is: 
[QaPif 
Kr = @a++] (f P-j n • 
The distribution coefficient, Kci' as explained above, may be defined as 
follows: 
Kd = Ca in resin Ca in solution x 
volume of solution ml 
mass of resin mg • 
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(8) 
(9) 
We can now derive expressions for free ca++ concentration int erms of cation-
exchange equilibria by substitution into equation 8. 0 The Kd represents the 
distribution coefficient of ca++ when proteinpolysaccharide is absent while 
Kd represents the distribution coefficient when proteinpolysaccharide is pre-
sent. 
l'hus we have: 
Ko l!!aR1 d = [9a+j , (10) 
and Kd fcaRl • = ITfa*J (CaFPJ ' + (11) 
therefore, by rearranging these two expressions we have: 
[ca++] = , (12) 
and @aPlJ = [ca~ = ~~l - [caR] • 
."Cl Ka. 0 (13) 
By su.bstitution of the c:-:pressions for free fu~cl 'cc!:i.plexed cEtlcitrra as given i!1 
equations 12 and 13 into equation 8, the expression for the formation constant 
leads to: 
/ .... , \ 
\, J.., :- ) 
~-------------------------------------------------------
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In this study, this equation was used to measure the formation constants 
for the degree of association between calcium ion and the proteinpolysaccha-
ride of calf-scapular tissue. The concentration of proteinpolysaccharide in 
the system was kno~m from the weight added and the equivalent weight of the 
sc.~ple; Ka_ 0 and Ka were determined experimentally by measuring the fraction of 
radioactive 45ca++ in solution at equilibrium. 
A· Preliminari Experiments for Ca1cium-BindingDetermina.tion.. 
The buffer and resin used in these experiments were chosen after prelim-
inary results with Tris and Veronal buffers and with Dowex-50W and Chelex-100 
resins showed the greatest degree of binding affinity (as shown by the differ-
ence between Kd0 and Kd)for the system having Tr.is buffer and Chelex-100 res-
in. 
The fraction of total radioactivity that is in the solution phase at equi-
librium has an important effect on th~ accuracy of the equilibrium-distribu-
tion coefficient measurement (Westfall, 1957). For this reason, the ratio of 
the buffer to the resin (v/m) must be carefully chosen so that the resin ad- · 
' 
sorbs .:>50% of the total activity. The importance of this can be demonstrated 
by calculating the % of error in the Ka value that occurs if one assumes a 
counting error of 1% in measuring the solution-phase activity. If ·these cal-
culated errors of Ka. are plotted against the % of total activity in the sol-
ution phase, the error increases sharply and exponentially when' the total act-
ivity in the solution phase increases beyond the 50% mark. In these experi-
ments, the ratio of the buffer to the resin was near o.8 (8 ml buffer solu-
tion/10 mg resin). This ratio resulted in 70-75% of the total activity being 
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cLsorbed by the resin when proteinpolysaccharide wc:s absent. At the hizhest 
conce:itrations of proteinpolysaccharicie, resin acsorption was reduced to about 
The reversibility of the reaction of ca++ with the ion-exchange resin· was 
checked by measurine the distribution coefficient over a range of v/m values. 
Table VI shows that the Ka,0 value is independent of the ratio of solution. vol• 
ume to resin mass; therefore the reaction can be considered reversible 
(Schubert 1956). 
TABLE VI 
Effect of Varying v/m Ratio on Ka,0 
Volume of Mass of Distribution of 45ca 
Solution Resin Ratio Between Phases (%) 
(ml) (mg) v/m solution resin (calc). Keio 
10 25.00 .400 15.84 84.16 2.1259 
10 24.90 .402 15.66 84.34 2.2108 
10 25.15 .398 14..55 85.45 2.3430 
10 14.90 .671 24.07 75.93 2.ll75 
10 10.05 .995 30.97 69.03 2.2180. 
10 10.05 .995 31.33 68.67 2.1808 
10 5.00 2.000 47.55 52.45 2.2064 •. 
10 5.15 1.942 47.47 ~.53 2.1488 
10 4.95 2.020 49.13 50.87 2.0917 " 
~ 
By analyzing both solution and resin phase for 45ca, a material balance 
for the cation was obtained. Three flasks, each containing 9 ml of Tris buf'• 
fer, 1 ml of 45ca stock solution, and 10 mg Chelex-100 resin, were prepared.
1 
Three more flasks containing the same volume of buff er and 45ca solution but 
76 
without the resin were prepared; a final blank fl~sk containing only 10 ml of · 
buffer was prepared. The six flasks were equilibrated for 4 hours on a rotary 
shaker. The contents of the first three were then transferred to a fine-sin-
tered-glass funnel and filtered into a 50-ml volumetri~ flask. The t'l,.t$k 'WB.S 
rinsed .3-4 times with 5-10 ml portions of H2o and make up to the 5Q...ml vol-
Ullle. The resin retained on the sintered•glass filter was washed 5 ~a with 
,,,':).~ ,'}. ,." 
a 5-ml portion of 3 !:! HCl. After each portion of acid wash was added to the 
filter, the resin was stirred in it briefly before a slight suction was ap-
plied to filter the wash. The acid filtrates were ~ollected in a glass 
','; .. ;:·~, 
100-ml volumetric flask. This filtrate was then neutralized by adding-25 ml 
of .3 !1 NaOH and diluted to 100 ml with H20• After mixing, duplicate l Jiil ali-
quots were taken of: 1) the separated solution phase ,from flasks l-3t''(.t;tal 
···: ,~11.): 
volume of each = 50 ml); 2) the neutralized resin eluate from ·flasks 1-3 
(total volume in each = 100 ml); .3) th~ buffe.red 45ca without resin tran 
:: 1:1;., 
flasks 4-6 (total volume of each = 10 ml); and 4) th~ buffer-solution blank. 
These aliquots were transferred with disposable pipettes to scintillation 
vials for 45ca-a.ctivity measurement. The activity of the buffer-solution 
blank was the background count which was then substracted from the measured 
activity of all other vials to obtain the corrected-count rate. The recovery 
of 45ca determined from this separate analysis of solution and resin phases in 
flasks 1-.3 was found to average 98.9% of the average activity in flasks 4-6 
(Table VII)o 
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TABLE VII 
y~terial Balance Determined bv Seoarate Analvses of Solution and Resin Phases. 
~verage Average 
corrected Total cpm corrected Total cpm Total cpm. 
Flask cpm in sol- Aliquot in ·solu- cpm.- iii re- Aliquot in resin in both. 
No. ution phase factor tion phase sin eluate factor phase phases 
1 6,180 ~ 50 309,000 1,356 100 135,600 444,600 
2 6,124 50 306,200 1,382 100 138,200 444·,1.oo 
3 6,135 50 .306,750 1,378 100 137,800 444;550 
4 44,888 10 448,880 
5 45,01.3 10 450,130 
6 44,91..4 10 449,440 
Experiments were also done to check 'Whether 45ca ws adsorbed on the liass 
walls of the flasks (Boocock, Grimes, and Wilford, 1962). Buffered solutions 
of 45ca (9 ml of Tris buffer, pH 7.2, Jl = 0.16; l ml ot stock 45ca solution). 
were transferred from nask to nask v.ith 30-minute agitation on rotary shaker 
between each transfer. Activity or a 0.5 ml aliquot ws measured betore each 
transfer. Table VIII shows that very little change in count rate occurred in 
5 such transfers. 
TABLE VIII 
Experiment to Determine 45ca+I- Adherence to Glass. 
Transfer Number 
original nask 
l 
II 
llI 
IV 
v 
Flask Number 
l 
2 
3 
4 
5 
6 
Corrected Activity cnm ... ml 
43,965 
4.3,501 
43,274 
44,012 
43;749 
43,115 
The last preliminary experiment ws done to determine the time required 
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for this system to attain equilibrium. Six flasks were prepared containing 
9 rol of Tris buffer and l ml of stock 45ca solution; l flask was prepared con-
taining only 10 ml or buffer. Three 10 mg portions of Chelex resin were weighed, 
The resin was added to flask 1-3 as rapidly as possible and mixed brief-
ly by hand. Immediately 0.5-ml aliquots f'rom each or the six flasks were 
withdrawn with a disposable pipette and transferred to a scintillation vi~ tor 
radioactivity measurement. Thereafter, the flasks were agitated on a rot1u7 
shaker and 0.5 ml aliquots withdrawn f'rom f'l.ask 1-3 at the following t~ in-
tervals after the addition of the resin: 15 min., .30 min., 60 min., and 120 
min. Arter 24 hours of mixing, a final 0.5-ml aliquot was removed f'rom all ab: 
f'l.asks to be counted. The average activity or fiask 4-6 was taken to be act-
ivity at time zero. The data presented in Table IX and graphed in Figure 10 
show that equilibrium was reached in this system in approximately 2 hours. 
TABLE IX 
a Time Reouired to Attain Ean~librium 
Flask 0 time 1 min. 15 min. 30 min. 6o min. 120 min. 24 hr •. 
1 21,198 18,228 17,492 15,674 15,004 14,8.39 
2 20,546 17,950 16,868 15,314 14,555 14,115 
3 19,965 17,805 17,000 14,932 13,850 l.3;896 
4 21,377 21,289 
5 21,804 21,560 
6 22,022 21,894 
~ activity in corrected cpm/0.5 ml. 
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KINETICS OF 45ca BINDING WITH CHELEX 100 
RESIN IN TRIS BUFFER 
20,000 
16,000 
12,000 
8000 
. :~. 
. 4000 
30 60 90 120 , 24hr 
. TIME, min 
Fig. 10. Tillie Req$ed To Reach F.quilibrium Between 45ca and Resin. 
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2· Experir:ental Procedure. 
For each proteinpolysaccharide to be used for determining a calcium-bind-
jJlg constant, a series of 12 ground-glass-stoppered flasks were prepared. The 
total volume (10 ml), pH (7.~), ionic strength (0.16), and temperature (25°0), 
were kept constant in all flasks. The buffer for all experiments, tris 
(hydroxymethyl) aminomethane (Tris), 0.16 .!:!, ws adjusted to pH 7.2 with HCl. 
An aqueous solution of high specific activity 45cae12 (Amersham-Searle Corp.) 
was diluted with wter to yield a stock solution with an activity level or 
about 0.3 uC:V'ml. The dried proteinpolysaccharide to be used in the experi-
ment was weighed, dissolved in a 2-3 ml of H2o, and then diluted to 10 ml ao 
that the final solution had a concentration of about 2 mg/ml. Table X gives 
the initial composition of the 12 flasks. 
TABIB X 
Initial Comnosition of Flasks in Ion-Bindini? Exneriments 
Flask No. ml Buffer ml 45ca Solution ml PP Solutiona 
1-2 9 1 0 
3-4 8 1 1 
5~ 7 1 2 
7-8 6 1 3 
9-10 5 1 4 
11-12 9 0 0 
a ml proteinpolysaccharide solution. 
The flasks were agitated on the rotary shaker for 1-2 hours before dupli-
cate 1-ml aliquots were taken from each with a disposable 1-ml pipette. The 
aliquots were placed in liquid-scintillation vials; 20 ml of a toluene-ethanol 
(1:1; v/v) liquid scintillator containing 0.4% 2,5 diphenyloxazole (PPO; Pack-
ard~ scintillation grade) was added. The radioactivity of the vials was then 
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measured in a Beclanan CPM-100 scintillation spectrometer (Gain 500; 0-450 win-
dow setting). 
To the remaining 8 ml in each of the flasks numbered 1 through 10 was then 
added about 10 mg of Chelex-100 resin. The resin was weighed in its wet state 
directly from the bottle, and quickly transferred to the flasks. The flasks 
were then returned to the rotary shaker to equilibrate for a period of 4-14 
hours. At the end of this period, duplicate 1-ml aliquots were again trans-
ferred from each of the 12 flasks to scintillation vials with a disposable pi-
pette. Liquid scintillator (20 ml) was added to each, and the radioactivity 
in each vial measured under the same conditions as previously stated. 
The binding constant of the proteinpolysaccharide for calcium ion was de-
termined by first calculating the distribution coefficient at each of the five 
concentrations of proteinpolysa~charide according to the relations: 
Kdo A - B volume of solution 8 ml . (15) = B x weight of resin --"10 mg 
' 
and Kd A c 
volume of solution £8 ml~ (16) c x weight 0 of resin (,,,..... 0 mg 
In equations 15-16, A represents 45ca activity (cpm corrected for background) 
in the flask before adding resin; B represents the average-corrected activity 
in the supernatant solution of flasks 1 and 2-at equilibrium after adding re-
sin; C represents the average-corrected activity of the supernatant solution 
of flasks 3 and 4, 5 and 6, 7 and 8, or 9 and 10 at equilibrium after adding 
resin. A background activity was obtained from the average activity of the 
two flasks serving as experimental blanks, 11 and 12. This value was sub-
, 
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tracted from the activity measured in each of the other vials. 
A "relative formation constant," k'f, (Smith and Lindenbaum, 1970), was 
obtained for each of the four Kd values determined: 
(17) 
For each value of Kd' the calculated concentration of proteinpolysaccharide in 
meq/l, (with the assumption that there were no changes due to resin bi.riding) 
was divided into this "relative formation constant" to give a formation con-
stant for the association of the proteinpolysaccharide and calcium ion (see 
Eq. 14). 
~· Determination of the Effect of Proteinpolysaccharides on Calcium Phosph&H 
Precipitation. 
l, Experimental Design, 
These experiments involved the addition of a soluble proteinpolysacchar.lde 
to a series of metastable solutions having increasing concentrations of Oaf+ 
and Po4 ---. The range of concentrations of these two ionic species was from 
solutions having a low degree of metastability, in which no salt formation 
would te expected to occur, to solutions having a high degree of metastability 
in 'Which precipitation could occur spontaneously, Each experimental series 
consisted of 10 solutions 'Whose concentration was expressed as an ion product, 
The ion product of a solution was defined as its millimolar concentration of 
* -- . Ca times its millimolar concentration of P04 . The precipitation point 
in each of these series was determined from the sharp angulation that occurs 
t+ ----when the fraction of Ca or P04 . remai~ in the solution is plotted 
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~· against the ion product. For those systems not containing a soluble protein-
polysaccharide, this point on the curve is called the "spontaneous-precipita-
tion point." The enhancing or inhibiting effect of any proteinpolysaccharide 
on calcium phosphate precipitation in such a system is reflected by a shift 
in the position of the experimentally determined precipitation point from the 
position of this spontaneous point. 
The specific conditions chosen for the determination of the precipitation 
.point in these ionic solutions are based on a consideration_or the conditions 
which exist in the extracellular environment of living tissue. For this rea-
son, the three factors known to be important for the precipitation or mineral 
salts from metastable ionic solutions were fixed at standard physiological 
values. Thus, in all experimental solutions, the pH was 7.4, the temperature 
.:n°c, and the ionic strength 0.16. Another factor that has been shown (Ter-
mine and Posner, 1970) to affect the precipitation of calcium phosphate in 
* similar systems is the Ca /P04- ratio. Because the normal concentration 
in adult human sera of ionic calcium (1.5 !JH), and of total inorganic phosphate 
(l.O !!!1:1) give a ca++/P04- ratio of 1.5, a similar ratio was used in all sol-
utions of these experimental series. 
2. Preparation of Solutions. 
Three stock solutions were prepareds Diluent Stock, Solution A; Phosphate 
Stock, Solution B; and Calcium Stock, Solution c. All three had an ionic 
strength of 0,16, so that in whatever proportion the experimental solutions 
were made from them, the final ionic strength remained 0.16. Potassium chlo-
ride was the inert electrolyte in all solutions. Each of the stock solutions 
84 
contained lO !!!!1 Tris buffer and was adjusted to pH 7.4 at 37°G with 4 k! HCl or 
KOH. Thym.ol (lO mg) was added to each stock solution to prevent bacterial con-
tamination. Isotopic-tracer labels for the experilnental determination of the 
precipitation point were proVided by adding about 25 p.Ci/l of radioactive 32p 
to Solution B and 8:bout 30 JlCi/'l of 45ca to Solution c. All stock solutions 
were made with double-distilled H20; they are then filtered twice through.450 
nm Millipore filters and kept in glass volumetric flasks with ground-glass 
stoppers. The cae12 and KH2Po4 used were reagent grade and vacuum dried 24 
hours over P2o5 before weighing. For convenience, the Diluent Stock, Solution 
A, was prepared as 1 liter of 10 X concentrated solution. Single liter vol-
umes were then prepared as needed by diluting 100 ml of the concentrate to 1 
liter with double-distilled H20• Table XI gives the composition of the stock 
solutions. 
TABIE XI 
Comnosition of Stock Solutions A- B. Jird C Used for Precinitation Exneriments. 
A B c 
Diluent Phosnhate Calcium 
Tris Buff er 0.010 !:! 0.010 !:! 0.010 H 
) 
KCl 0.15 !:! 0.14 M 
-
0.14 H 
Thymol 10 mg 10 mg 10 mg 
KH2Po4 - 0.010 H -
32p 
- - 50 )lCi -
CaCl2 
- -
0.010 H 
45ca 
- - -100 J1Ci 
Total volume 10 liters 2 liters 3 liters 
r 
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Table XII gives the composition of the 10 solutions in each experimental 
series, as well as the volume of stock solution required to prepare each one. 
, TABLE XII 
Composition of Experimental Solution for Precipitation Experiments. 
'. 
Ion Ratio ·Vol. of Vol.or Vol.or 
Vial Product ca++ po- ca++ A req 1d B req 1d c :aerd No 0 (!!!!!2) (mM) cmi> Pll4- (ml) (ml} (ml 
-
1 1.0 1.224 0.816 1.5 19.90 2.04 3.06 
2 1.5 l.500 1.000 1.5 18.75 2.50 3.75 
.3 2.0 l.7.32 1.155 1.5 17.78 2.89 4.33 
4 2.5 1.9.37 l.291 1.5 16.9.3 .3.2.3 4.84 
5 3.0 2.121 1.414 1.5 16.16 3.54 5.30 
6 3~5 2.291 1.528 1.5 15.45 .3.82 5.73 
7 4~0 2.450 1.6.3.3 1.5 14.79 4.08 6~13 
8 5.0 2.7.39 1.826 l.5 13.59 4.56 6.85 
9 7.0 .3.240 2.160 1.5 11.50 5.40 s.10 
10 10.0 3.87.3 2.582 1.5 8.86 6.46 9.68 
3. Experimental Procedure. 
For each scapular extract whose effect on calcium phosphate precipitation 
was to b8 tested, l ml of sample, vacuum dried 24 hours over P205, was dissol-
ved or suspended in 10 ml of stock solution A, the diluent. Tvo series or con-
tainers, the first,bottles with screw caps fitted 'With a cone-shaped plastic . 
inserts and the second, 25 ml-volumetric fiasks, were each labelled 1 through 
10. To each of the volumetric nasks was added the volume of phosphate stoclc, 
Solution B, shown in Table XII. Next, 1 ml of the dissolved or suspended sam-
ple in diluent was added to each nask and the contents mixed. Then, the vol-
ume of calcium stock, Solution c, shown in Table XII, was added to the f'irst 
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flask in the series. This first flask was then filled to its 25-ml mark mth 
diluent, Solution A; The contents of the flask were ~.ixed by hand and imme-
diately transferred to the bottle labelled 1. This bottle was filled completel3 
and sealed carefully with its screw cap, 'Without air bubbles. The outside of 
the bottle was wiped with tissue to blot any excess. Solution c, in the proper 
amount, was then pipetted into the second volumetric flask of the series and 
the above steps repeated. When all 10 solutions had been thus prepared, the 
sealed bottles were placed immediately in an incubator at 37°0 and the time 
noted. 
Because stock Solutions B and C contained radioactivity, all of these op-
erations were performed in an exhaust hood in metal trays lined with plastic-
backed absorbent paper. The B and C stock solutions were transferred in the 
proper a.mount to the volumetric flasks 'With lQ..ml measuring pipettes marked 
to be used only with that stock solution. All usual precautions for working 
with low-level beta radioactivity were observed. 
The bottles were removed after 5-days of incubation and the concentration 
of calcium and phosphate in both the solid and liquid phase determined by a 
liquid-scintillation technique described in the following section. 
4. Measurement of Calcium and Phosphate Concentration by a Double-Isotope 
Liquid-Scintillation Method. 
a. Determining Optinrum Conditions for the Simultaneous Counting of 
45
ca and 32p Activity, In general, double- .tracer counting techniques can be 
applied to beta-emitting nuclides if the maximum energy betwen the two radio-
isotopes differs by a factor of at least 5 (Kobayashi, and Maudsley, 1970). 
L-----------------------------------~ 
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32p- 1 71" l.l • b t 6 7 t' th . f 
·.:.ne Ina.XJ.Illum energy 01 , • ,,::, r"leV, is a ou • J.Ines e maxl.llltim energy o 
45 Ca, 0.256 ¥.ev. The family of spectra obtained for each of these two iso-
topes in the liquid scintillator (toluene-ethanol 1: 1 v/v, containing 0.4% 
PPO) on a Beckman CPM-100 scintillation spectrometer at various gain settings 
is shown in Figures 11 and 12. 
The gain setting used for-a double-tracer measurement must separate the 
spectral peaks of the two isotopes sufficiently so that discriminator or win-
dow settings can be chosen that 'Will count the majority of the activity ot 
each isotope in different energy channels. The channel in which one iso~ 
of the pair is counted should either eliminate interference by the other __ ,._.,.. 
tope, or reduce it to a minimum value to which a correction can be appli~. 
Figure 13 shows the spectral peak separation achieved with these two isotopes 
at a gain setting of 100. 
The Beclanan CPM-100 is a multichannel scintillation spectrometer equipped 
with variable !so-sets which permit adjustment of both_upper and lower dis-
criminators or 'Window settings. First, a window setting that gave an o~ v 
1 
"figure of merit" for each of the unquenched isotopes was determined. At a 
. 45 32 gain of 100, these settJ.ngs were 0-200 for Ca and D-450 for P. Next, tbe 
45 ) lower-energy isotope, Ca, was counted while the upper discriminator was re-
duced stepwise from 200 to 50. 
1 The .!'figure of merit" is an empirical number which relates the 2ounting 
efficiency to the background-cotfDting rate. It is defined as E /B where 
E is % efficiency and B is the cpm of background. 
;_,7., 
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The fractional loss of activity that occurred with each such narrowing of the 
channel was calculated as well as the decrease in counting efficiency. Then 
the higher-energy isotope, .32p, was counted at the same gain setting in a win-
dow of 200-450. The lower discriminator was reduced by the same increments 
that the lower-energy channel had been narrowed, and the increase in counting 
efficiency for .32p calculated. From these data, sho'Wl'l in Table XIll, the· win-
dow settings chosen for counting the two isotopes simultaneously -were 0-150 
for 45ca and 150-450 for 32p. 
TABLE XIII 
45 3'-Activity of Separate Unquenched Samples of Ca and -P at Different Settings • 
45ca .32p 
Window Corrected % Fractional % Window Corrected % 
Setting cpm Loss Efficiency Setting cpm Ef fic1eney 
0-450 466,928 99.5 
0-200 240,254 0 85 • .3 200-450 191,9.32 40.9 
0-175 240,122 .05 85.2 175-450 224,.324 47.8 
0-150 2.36,990 1 • .36 84.1 150-450 282,515 60.2 
0-125 222,174 7.5.3 78.9 125-450 307,434 65.5 
0-100 191,71.3 20.20 68.l 100-450 .389,767 8,3.0 
0-75 l4.3,908 40.10 51.1 75-1+50 420,543 89.6 
0-50 85,25.3 64.50 .30 • .3 50-450 434,331 92 .. 5 
b. DeterminillB the Efficiency of Counting Under These Conditions, . The 
counting efficiencies of the two isotopes in both energy channels had to be 
determined in order to derive a formula for converting the activity mea-
sured in the doubly-labelled samples at each setting to dpm 45ca and dpm .32P 
respectively. The efficiency is the measured activity of the sample divided 
~.---------------------------------.---------------------9-2 ..... 
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by its know activity. The known activity is calculated by correcting the ori-
ginal activity of the isotope for its decay. If N0 is the original activity 
of the isotope, the. activity after t days have elasped, N, is caJ.cul.ated as 
follow: 
For 45c~, log~N =log N0 ~ (0.4343 x 0.00422/day x t ); 
and for 32!>, log N =log N0 - (0.4343 x o.~873/day x t ). 
. (18) 
. (19) 
The average efficiencies found from two or more determinations are sholin· 
in Table XIV. 
Channel 
0-150 
150-450 
TABLE XIV 
Counting Efficiency of 45ca and 32p. 
bkd 
31 
12 
cnn 
2.36,990 
3,531 
188,625 282,515 
~ Efficienpt 
c. Determining the Extent of Quenching, The chemicaJ. quenching of the 
sample by other ions and molecules present was investigated by two methods. 
First, quenching was checked by a channels-ratio method. The application ot 
) 
,:1 
channels-ratio quench correction to a dual-isotope system was described b7 
Hendler (1964), A third window setting, 150-230, was established that measured 
32 ; 
about 1/.3 of the activity of the higher-energy isotope, P, that was measured 
by the 150-450 'Window setting. Ten scintillation vials were prepared contain-
ing 100 pl. of 32p solution and 20 ml of the liquid scintillator. These vials, 
plus a blank vial were counted in the Beckman CPM-100 at a gain of 100 in the 
r.-------------------------------------------, 
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three separate channels: channel A, 0-150; channel B, 150-230; and channel C, 
150-450. The activity measured in each channel was corrected for background 
and recorded. The ratio of corrected activity in channel B to channel c, R1, 
was calculated. After the scintillation vials were removed, aliquots of the 
diluent (stock solution A), which would be in every sample measured, were add-
ed to vials l through 7 • All 10 vials were then recounted in each of the 
three channels. Neither the ratio, R1, values nor the relative efficiency of 
. ( . activity in presence of quench substance) 32p activity relative efficiency = activity iri absence or quench su6staiice 
changed when the 150 )11 to 1000 )l1 of diluent had been added. Finally, the 
vials were again removed and 100 Jl1 of 45ca. were added to vials 1 through 9. 
The vials were recounted in each of the three channels. The increment of act-
ivity in channel A of vials 8 and 9 (unquenched vials) was compared to the 
increments of vials 1-7 (quenched vials). Again, no quenching effect was 
found. 
The second method of determining the presence of quenching in the samples 
lms by the external-standard channel of the Beckman CPM-100. In this channel, 
each sample is counted and its rate stored in the electronic memory; then the 
gamma-emitting standard (137cs, Tl. = 30 years) is positioned next to the sam-
2 
ple vial and a second count is made. The ratio of these tvo counting rates, 
called the external standard ratio (ESR) or S value, is printed. The S values 
remained consistently in the range of 0.40 to 0.60 for both the samples which 
contained varying proportions of the 3 stock solutions (see Table XII) and 
standard samples containing only aliquots of the tracer 45ca or 32P. 
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!·;i.llipore filters have previously been shown not to interfere with the 
measurement of /1 activity by liquid scintillation (Kisieleski and Logsdon, 
1962). This was confirmed in this study by preparing two scintillation vials 
with 100 µl of 45ca and 20 m;t. of liquid scintillator. These were co1lllted in a 
o-200 window at gain setting of 100 together with a blank vial. A single Mil-
lipore filter (450 nm HAWP 25 mm) was added to one of the two vials which were 
then recounted. Essentially no difference in measured activity was obtained. 
d, Separating Solid and Liquid Phases and Determining Calcium-45 and 
Phosphorus-32 Activity in Each. Each experimental series of bottles was re-
moved after 5 days incubation at 37°C and examined to determine the first bot-
tle of the series in which a readily visible precipitate was present. Then 
the contents of each bottle of the series were removed with a disposable Pas-
teur pipette and filtered through a 450-nm Millipore filter. A single 5-ml 
aliquot of diluent, solution A, used to rinse the incubation bottle, was also 
filtered. Duplicate 1-ml aliquots of the filtrate (total volume = 30 ml) were 
transferred with d~posable pipettes to clean scintillation bottles and 20 ml 
of liquid scintillator were added. The 450-nm Millipore filter used was then 
placed in the same scintillation bottle which had been used for incubation and 
20 ml of liquid scintillator were added. The 45ca and .32p activity present 
as retained precipitate was measured. The two scintillation vials prepared 
with aliquots of the filtrate were measured for the activity of 45ca and 32p · 
which remained in solution. In some of the experimental series, the number of 
determinations necessary to determine the point of precipitation was reduced 
by measuring 45ca and 32p activity in the solution phase only for the first 
,. 
95 
ottle iii the series that showed a visible precipitate, plus that of the two 
bottles immediately preceding this one in the 1-10 order of increasing concen-
tration. T{J.e activity of the precipitate was calculated by difference from 
the known amount of activity present originally. In addition, bottle 1 in 
each series was analyzed for solid and solution phase activity separately. 
Radioactivity was measured at a gain setting of 100 and in 2 channels: 
channel 1 = 0-150; channel 2 = 150-450. An external standard ratio (S value) 
was also obtained for all samples. Three blanks containing 1 ml of stock 
solution A, 1 ml of stock solution B, and 1 ml of st~ck solution c, were 
counted with each group. 
e. Calculation of Data Obtained in Dual-Isotope Experiments. As shown in 
Table XIV, the lower-energy channel records 45ca-activity with 84.22% ef'ti-
ciency and 32P-activity with 40.18% efficiency; the higher-energy channel re-
cords 45ca-activity with 1.041% efficiency and 32P-activity with 60.36% ~tfi-
ciency. If X is the reading in the lower-energy channel and Y is the reading. 
·~ 
in the upper-energy channel, then: 
x = o.8422 ca_+ o.~.018 P, 
and Y = 0.01041 Ca + 0.6036 P. 
(20) 
(21) 
These equations are then solved simultaneously by solving for Ca in equation 
(Y ~ 0.6036 P) 6 6 Ca = = 9 .o 15 Y - 57.9827 P. 0.01041 (22) 
This value is replaced into equation 20 to give: 
X = 0.8422 (96.0615 Y - 57.9827 P) + 0.4018 P = 80.9030 Y - 47.9312 P (23) 
Now, equation 21 is solved for P: 
(Y - 0.01041 Ca) 
P = 0.6036 = 1.6567 Y - 0.0172 Ca. (~) 
This value is replaced into equation 20 to give~ 
X = 008422 Ca + 0.4018 (1.6567 Y - 0.0172 Ca) = 0.8353 Ca + o.6657 Yo (25) 
olve equation 23 for P: 
p = 1.6879 y - 0.0209 x, (26) 
and solve equation 25 for Ca: 
Ca= 1.1972 X - 0.7970 Y. (27}, 
With these last two equations the activity of 32P and 45ca of any sample can be 
calculated in dpm, where X is the corrected cpm in the 0-150 or lower-energy 
window and Y is the corrected cpm in the 150-450 or higher-energy window. 
f. Determining the Ca++ and PO,~ Concentration from 45ca and 32p 
I 
Activiti. In order to translate the observed activity of 45ca and 32p pre-
sent in the measured Sa.Ill.ple, one must assume that the added tracer ions are in 
the same chemical form as, and distributed uniformly among, the unlabelled ions 
The radiocalcium is obtained as aqueous 45cac12, the radiophosphorous as aque-
32 
ous H3 Po4• The addition of these compounds in tracer quantities to the stock 
solutions prepared with unlabelled CaC12 and KH2Po4 would result in solutions 
containing a homogeneous distribution of labelled and unlabelled Ca and P04 
ions~ The high specific activity of the added tracers gave a negligible in-
crease in the final concentration of the stock solutions prepared. For exam-
ple, 3o33 g. of CaCl2 were required to prepare 3 liters of stock solution C, 
whose ca++ concentration was 0.010 ,tlo The addition of lOOJlCi of 45ca, which 
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had a specific activity of 31.7 )lCi/pg contributed only about 3 )lg of addition-
al calcium. 
The two isotopes used in these experiments decayed at different rates. 
calcium-45 has a hal.f-life of 164 days; phosphorus-32 has a half-life of 14 • .32 
days •. For this reason, the observed activities of both isotopes, in dpm, were 
corrected for decay to a single common date (see decay equations 18 and 19). 
On that day, a blank sample containing 1 ml of stock solution B (phosphate) in 
20 ml of liquid scintillator was counted repeatedly and found to have an aver-
age corrected activity of 9585 cpm in the lower-energy window (0-150) and 
27,930 cpm in the higher-energy 'Window (150-450). A second blank sample con-
taining l ml of stock solution C (calcium) in 20 ml of liquid scintillator was 
also counted under the same conditions. Its corrected activity averaged 
74,074 cpm in the lower-energy window, and 822 cpm in the higher-energy window. 
These observed activities were converted to dpm of .32p for the first blank by 
using equation 26, and to dpm of 45ca for the second blank by using equation 
27. On this day, therefore, l ml of stock solution B had a concentration ot 
0.010 !:! P04--- and an activity of 55,587 dpm 32i>/ml; 1 ml of stock solution C 
had a concentration of 0.010 !:! ca++ and an activity of 88,010 dpm 45cajl'ml. 
A solution with a Po4--- concentration of 0.010 !:! contains 0.3097 mg P/ml; 
similarly,a solution with a ca++ concentration of 0.010 ,H contains 0.4008 mg 
Ca/ml. With this information the actirlty in dpm of a 1-ml aliquot or a sol-
ution whose total volume is 30 ml can be converted to the molar concentration 
of calcium or phosphate ion which remained in equilibrium with the solid phase 
r 
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after any precipitation had occurred. 
g, Obtaining the Calcitnn Phosphate Precipitation Point, Ten experimental 
series were done in the manner described, but 'Without the addition of any sca-
pular extract. Fram these series, the point of spontaneous precipitation was 
determined by plotting the amount of retained precipitate which was formed 
after 5-days incubation at J7°C against the concentration of calcium and.phos-
phate ions. The amount of precipitate was expressed either as the millimoles 
of ca++ or Po4--- removed from solution, or as the fraction of ca++ or P04---
originally present that remained in the solution after incubation, The con-
centration was expressed as the simple ion product, !!Jl1 ca++ x mH P04-. 
The minimum ion product required for spontaneous precipitation was read di-
ctly from the graph at the point where this curve breaks sharply (see Fig.21). 
The precipitation point for all the experimental series in which a protein-
polysaccharide or other calf-scapular product was included in the system was 
obtained in the same way. 
CHAPTER III 
EXPERil<EHTAL RESULTS 
A. Isolation of Proteinpolysaccharides from Calf-Scapular Cartilage lLt 
Two Methods. 
1, Degradative-Extraction Method, 
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The degradative extraction of the four zones of calf-scapular tissue that 
were used for the present study resulted in the isolation of a series of water-
soluble products called proteinpolysaccharides and an insoluble, mostl.7 coJ.;J.ag-
enous residue, When this method was first used (Pal, Doganges, and Schubert, 
1966), these investigators found that the product they had previously ex-
tracted (wi:th KCl solution) from bovine-nasal cartilage, ~-1, could be further 
treated to yield 4 new products: PP-13, PP-14, PP-15, and PP-16, In addition, 
hydroxylamine treatment of the cartilaginous residue remaining after the 
water or dilute-salt extraction resulted in the separation of another water-
soluble product, PP-12, Thus a total of 5 distinct forms of proteinpolysac-
charide, and an insoluble res_idue, ORR, were obtained from bovine-nasal ·car-
tilage, Of these, the residue, ORR, accounted for nearly half of the total 
yield on a dry basis, Of the 5 soluble forms, PP-12, PP-L3, and PP-15 were 
always found in greater yield than PP-14 or PP-16. 
When this method was applied to calf-scapular cartilage, the yields of 
PP-I4 and PP-15 were negligible, except from nresting" cartilage, zone Rc,from 
which small amounts of these two forms were obtained, PP-13 was always found 
r 
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. in fr.e highest yield, for all zones, followed in a..r:1our1t by PP-12 and PP-16. 
The yields of yirotein.rolysacclw.ride from the degradative extraction of calf-
ccc.rulc.r cc.rtiln,-:_:c nre civc: iri. Ta:)le XV. TLe extraction bega:i. 1d.th ethanol-
wasl1ed scapular tissue from each of the four zones powdered in "absolute" eth-
anol and dried in a vacuum 24 hours over P205. The products were dried l:zy' 
tcyq>hilization i.~ the final extraction step and their yields are given in 'g/g 
of dry tissue. 
TABLE XV 
Yield a of Proteinpolysaccharides from Dearadative Extraction 
Water-Soluble Fractions Insoluble Residue CRR0 
Zone 0 PP-L PP-12 
PP-1'3 PP-11. PP-1'5 PP-16 
Re 0.211 0.002 0.013 0.011 0.044 0.547 
Tc 0.322 <0.001 <0.001 0.044 0.124 0 • .39.3 
Oc 0.299 <0.001 <0.001 0.045 0.021 0.499 
Nb 0.081 <0.001 <0.001 0.001 0.004 0.720 
a in g/g of vacuum-dried tissue, mean of 2 determinations. 
b zones of calf-scapula: "resting" cartilage, RcJ "transforming" cartilage, 
Tc; "ossifying" cartilage, OcJ 11new bone", Nb. 
c cartilaginous residue remaining after both KCl and NH20H extraction. 
• > 
The yield of hexuronate extracted from a:n.y calf-scapular zone of tissue 
increased with the time of homogenization up to a certain limiting amount. This 
limit was higher with the two tissue zones closest to the newly formed bony 
tissue, Nb and Oc, which were obtained in a more friable form. The data shown 
in Table XVI and depicted in Figure 14 were obtained by analyzing an aliquot 
of the extracting liquid after each 30 minutes of homogenization in cold 
rr 101 
t o.15 ll KCl. After en.ch JO-mi!mte ~)eriod, the su~er1:ntant liquiC. was removed by 
,. 
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ce:itrifugation, nnd re;>laced with a fresh volume of solution for further homo-
genization. The total aCTou_~t of hexuronate in each zone was obtained by ana-
lyzing the Vacuum-dried (over P205) unextractecl tissue for hexuronate. 
TABLE XVI 
Effect of Time of Homogenization on .A.~ount of l~exuronate Extracted. 
30 minutes 60 minutes 90 minutes 120 minutes 
u...,_extracted 
Zone mg/ga %b i::.g/g % mg/g % mg/g % mg/g 
Re 112.8 100 9.50 8.42 63.46 56.26 77.15 68.39 78.72 
Tc 129.5 100 44.11 34.07 84.00 64.88 89.60 69.20 
-
Oc 119.1 100 58.90 49.45 104.94 88.ll 106.44 89.36 
-
Nb 14.2 100 6.60 46.51 12.92 91.11 13.28 93.67 
-
a mean value in mg of hexuronate / g of vacuum-dried tissue, from 2 
determinations. 
b % of total hexuronate obtained from unextracted vacuum-dried tissue. 
If the cartilage was not homogenized but simply agitated by a rotary 
% 
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shaker in the 0.15 11 KCl, the yield of hexuronate extracted from calf-scapular 
cartilage (Re zone) was insignificant, even if the extraction time were pro-
longed (Fig. 15). 
2, Dissociative-Extraction Method. 
In contrast to this low extraction yield of hexuronate when cartilage was 
gently shaken in a dilute salt solution, a high extraction yield was obtained 
when cartilage was gently shaken in a high-ionic-strength salt solutions. This 
dissociative-extraction method, like the degradative extraction, was first used 
to extract the soluble proteinpolysaccharides from bovine-nasal cartilage 
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(Sajdera and Hascall, 1969). When this method was applied to calf-scapular 
cartilage, most of the hexuronate was extracted in a single soluble form, de-
signated PFC, by 4 M guanidine hydrochloride. The yield of this product was 
comparable to the yield of PP-L3 obtained by degradative extraction, but was 
obtained 'Without th~ high-shear forces of a homogenization process. 
With both methods of extraction, however, significant amounts of protein-
polysaccharides were left behind 'With the cartilage residue in a form that is 
possibly linked to collagen (Campo, Tourtellotte, and Bielen, 1969). Since 
this "resistant" form was obtained as PP-12 in the Cl"'gradaM.ve-extraction 
method by treating the residue 'With hydroxyls.mine, a similar procedure was 
tried 'With the scapular-tissue residue after extraction 'With guanidine hydro-
chloride. Most of the previously unextracted hexuronate was released by this 
treatment; the product that resulted was called PFC-II. Thus, dissociative 
extraction yielded two water-soluble forms of proteinpolysaccharide, and an in-
soluble collagenous residue, called CR-Gu. This latter product, not having 
been powdered or homogenized, retains in the Re and Tc zones the macroscopic 
physical appearance and shape of the original cartilage pieces obtained from 
these zones. The more friable tissue obtained from the Oc and Nb zones does, 
however, disintegrate into a powder even under these milder extraction proced-
ures. 
'nle PFC fraction obtained from the dissociative extraction of calf-scap-
ular tissue was usually separated from associated glycoproteins extracted with 
it by sedimentation in a density gradient of cesium chloride (see section in 
Materials and Methods). 
The dissociative extraction began 'With ethanol-washed scapular tissue 
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from each of the four zones dried in a vacuum over P2o5• The products were 
a.ried by lyophilization in the final extraction step and their yields, in 
g/g of dry tissue , are given in Table XVII. 
TABLE XVII 
-YiA1da of Proteinnolvsaccharides from Dissociative Extraction. 
Water Soluble Fractions Insoluble Residue 
Zone PPC PPC-II CR-Gub 
Re 0.211 0.05.3 0.597 
Tc 0 • .312 o.ou 0.48.3 
Oe 0.259 0.014 0 • .361 
Mb 0.060 0.003 0.597 
a mean value in g/g of vacuum-dried tissue, from 2 determinations 
b cartilaginous residue remaining after both guanidine hydrochloride 
EU£d hydroxylamine extraction. 
This dissociative-extraction method depends on the ability of the ex-
tracting solution to reverse specific aggregations of complex macromolecules 
which occur in connective tissue. This ability of the extracting solvent 
occurs at a specific optimum concentration which varies both with the nature 
of the solvent and with the tissue being extracted. Sajdera and Hascall 
(1969) found both a faster rate of extraction and a broader range of optimal 
concentration for guanidine hydrochloride than for other electrolytes used 
to extract dissociatively proteinpolysaccharides from bovine-nasal carti-
lage. Therefore, this was the salt used in this study with calf-scapular 
tissue. Guanidine hydrochloride mobilized the hexuronate-containing com-
ponents of calf-scapular cartilage most efficiently at a concentration of 
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of 4 11 as shown in Figure 16. 
The efficiency of the extraction procedure was a function not only of the 
concentration of the salt solution, but also of the length of time the tissue 
was in contact with the solution. Table XVIII shows that the maximum amount 
of hexuronate was extracted after approximately 24-hours agitation at room 
temperature for all concentrations of guanidine hydrochloride tested. This 
relationship between duration of extraction and the % of total tissue hexu-
ronate solubilized is given for each concentration in Figure 17. 
TABLE XVIII 
Effect of Concentration of Guanidine Hydrochloride and Extraction Time on 
Amount of Hexuronate Extracteda. 
Time 
ll 
1 
2 
3 
4 
5 
6 
7 
8 
2 hr 
3.6 
7.0 
29.5 
41.0 
.30.1 
22.8 
10.8 
5.8 
4 hr 
4.8 
13.0 
42.0 
44.8 
48.9 
26.1 
13.9 
6 hr 
5.2 
14.0 
46.8 
55.1 
51.1 
29.6 
15.0 
7.6 
' 8 hr 12 hr 24 hr 28 hr 30 hr 
8.8 
16.1 
54.8 
60.5 
63.4 
35.0 
16.5 I 
7. 7 i 
9.2 
20.0 
55.4 
78.1 
70.5 
38.6 
19.4 i 
8.5 I 
I I 
9.5 
26.8 
69.4 
86.o 
74.7 
41.4 
21.1 
10.7 
9.3 
26.9 
65.9 
84.7 
73.9 I 
.39.l 
20.8 i 
11.6 j 
9.0 
27.2 
69.4 
86.3 
75.1 
37 o2 
19.9 
9.1 
a all values in % of total tissue hexuronate. 
37 hr 48 hr 
9.4 8.6 
24.2 27.6 
64.7 66.2 
85.5 84.0 
74.3 73.6 
37.5 42o0 
21.0 22.1 
9o9 10.J 
The rate of extraction of hexuronate from the Re zone of calf-scapular 
cartilage by guanidine hydrochloride, particularly at its optimum concentratior: 
of 4 1;! is contrasted in Figure 17 with the rate of a control extraction by 
0.15 M KCl. The dissociative extractions were all done at room temperature 
because Sajdera and Hascall (1969) showed that :increasing the temperature.from 
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2° to 40°c increased the rate of extraction in 4 M guanidine hydrochloride 
blt not the maximum amount solubilized. They also showed that varying the pH 
between 5 and 9 affected neither the rate of extraction nor the final yield 
greatly. The pH of the dissociative extractions done in the present study 
was 5.8. 
J• Comparison of the Two Methods of Extraction. 
The two methods used to extract proteinpolysaccharides from calf scapula 
were compared by analyzing a diluted aliquot of the extracting solvent for hex-
uronate. An unextracted sample of each zone was solubilized in 1.5 M H2so4 and 
analyzed to determine the total % hexuronate. Duplicate aliquots of each of 
the sucessive volumes of 0.15 M KCl used in the degradative extractions, as 
well as of 4 11 guanidine hydrochloride used in the dissociative extraction, 
were removed when the extracting solvent was separated from the cartilage. The 
total amount of hexuronate extracted from each zone by both methods is given 
in Table XIX and Figure 18. 
TABLE XIX 
CoBparison of Hexuronate Extrc:ccted from Calf-Scp.p_ulnr Tissue by Two Extractants 
Zone 
Re 
Tc 
Oc 
Nb 
hexuronate in 4 M 
guanicine hydro-
i--~~~-,-~~~~-+---~...;:...;;:~;,.;;.,:;:.=~~~~--+--~_;;;;ch~l~o~r::...:~ice _s_ol~utj~o~n~---~-
hexuronate in hexuronate in 
whole tissue 0.15 !1 KCl 
solution 
%b ~/a mg/g 
112.$ 100 78.7 
129.5 100 89.6 
119.1 100 106.4 
14.2 100 13.J 
% 
69.78 
69.20 
89.36 
93.67 
mg/g 
87.10 
94.41 
114.79 
12.95 
% 
77.22 
72.92 
96.J8 
91.18 
a mean value in mg of hexuronate/g of vacuum-dried tissue, 2 determinations 
b % of the hexuronate obtained from unextracted dry tissue 
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In both methods, the amount of hexuronate-containing material that was found 
in the solvent at the completion of the extraction was similar for each zone. 
However, a greater proportion was found in the two zones bordering the carti-
lage~bone junction, Oc and Nb, than in the two more distant zones, Tc and Re. 
The possibility exists that the-proteinpolysaccharides in the immediate vici-
nity of sites of ossification are in a much simpler state of aggregation and 
therefore more accessible to extraction. The cartilage pieces from zones Re 
and Tc separated from the guanidine hydrochloride retain the same gross macro-
scopic appearance after extraction as before, even though approximately 75% of 
the hexuronate-containing material has been solubilized. Furthermore, this 
gross structure appears unchanged even after the subsequent extraction with 
hydroxylamine, al though this final residue contains a negligible amount of 
the original hexuronate. 
The yields of dry proteinpolysaccharides, PPL, PP-L2, and CRR, from the 
degradative extraction of each zone were compared with the yields of PPC, 
PFC-II, and CR-Gu from the dissociatiYe extraction. The data for this compari-
son are given in Table XX. The total recovery of the final residue plus the 
proteinpolysaccharide fractions in each zone averages SO% of the starting 
material for both extraction methods. The fraction PPL is found in slightly 
higher yields than PPC for all zones. The yield of PPL er PPC was highest in 
zone Tc, followed by zone Oc and Re, with the lowest yield found in zone Nb. 
This pattern might reflect an initial increase in the amount of proteinpoly-
saccharides present in cartilage areas beginning to ossify, followed by a de-
crease in concentration as the transformation proceeded. 
TABLE XX , 
Yields of Products Extracted from Calf-Scapular Tissue by Two Hethods 
wnoJ.e Degradative .l!Xtraction Dissociative .l!.'Xtractio'1 
Tissue 
water-soluble in sol. water-soluble incol. 
fractions residue fractions residue 
PPL a PP-L2b CRRc PPCct PPC-IIb CR- 1~:uc 
Zone Re 
yield (g/g) 1.000 0.264 0.044 0~547 0.211 0.053 0.5S'7 
% hexuronate 11 .3 29.2 14.5 0.1 25.4 
I 
29.7 o.os~? 
g. hexuronate/fraction o. 113 0.0772 0.0064 0.0005 0.0536 0.0157 o.oco6 
% of total hexuronate 100 68.29 5.66 0.44 47.43 13.94 0 c::. ') . ./'-
Zone Tc 
yield (g/g) 1.000 0.404 0.124 0.393 0.312 0.011 o.4n3 
% hexuronate 12.9 20.3 14.0 ·0.03 26.6 25.3 0.099 
g. hexuronate/fraction 0.129 0.0820 0.0174 0.0001 0.0830 0.0028 0.001+8 
% of total hexuronate 100 63.57 13.49 0.08 64.35 2.16 3. 71 
Zone Oc 
yield (g/g) 1.000 0.374 0.021 0•499 0.259 0.014 0.361 
% hexuronate 11.9 28.1 13.6 0.05 25.0. 25.9 0.046 
g. hexuronate/fraction 0.119 0.1050 0.0029 0.00025 0.06475 0.00363 o.001G6 
..... 
-% of total hexuronate 100 88.20 2.40 0.21 54.41 3.05 1.4 l\) 
' 
Zone Nb 
yield (g/g) . 1.000 0.119 0.004 0.720 0.060 0.003 0 -9r-. )'· ( 
% hexurona.te 1.42 10.9 9.1 0.08 20.4 16.0 0.05 
--
g. hexurona.te/fra.ction 0.0142 0.0130 0.00036 0.00058 0.01224 0.00048 o. ooe:: 
-. .....-
% of total hexurona.te 100 91.55 2.54 4.08 86.20 • 3. 1 (; : 2. 10 
i 
..... -'.,..._...... 
--
a.extracted with 0.15 M KCl 
-
bextra.cted \ti.th 0.3 tl NH20H 
crema.ining after both extractions 
dextracted with 4 M guanidine hydrochloride 
-
' 
.. 
-.\. 
-.\. 
VJ 
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If the fractions of total hexuronate represented by the dry products, PPL 
and PFC (Table XX) are compared 'With the same fractions found in the extract-
ing solvent (Table XIX) the loss that occurred in precipitating each product 
from the solTent and obtaining the final dry product is evident. Nevertheless, 
the small amount of hexuronate remaining in the final residue product indicates 
that thehydraxylamine extraction removed virtually all of the hexuronate that 
was "resistant" to the first extraction 'With either KCl or guanidine hydro-
chloride. 
B. Analytical Results'5)bta.ined 'With Calf-Scapula Tissue and its Extraction 
Products, 
The results of analyzing the 4 zones of calf scapula and the proteinpoly-
saccharide fractions obtained from them for hexuronic acid, protein, and hex-
osa.mine are given in Table XII. 
The generally similar content of PPL and PFC indicates that these two pro-
ducts, obtained by two dissimilar methods, are alike. However, the two pro-
ducts obtained by hydroxylamine treatment of the extracted residue, PP-L2 and 
PFC-II, are grossly different. PP-12 is much lower in hexuronate content than 
PFC-II in all zones. On the other hand, PP-12 is higher in protein content 
than PPC-II in all zones except the new bone area, Nb, where the relation is 
revePsed. These differences may be the result of two distinct forms of pro-
teinpolysaccharide that resist the initial extraction and remain in the resi-
due to oe extracted by hydroxylamine; however, more probable is the explanation 
that neither PP-L2 nor PFC-II are distinct entities but rather both represent 
varying proportions of different molecules, some of which are more protein-
TABLE XXI 115 
Analytical Results Obtained 0:1. Proteinpolysaccharj_,des from Calf-
;Sea.. ·L·Llla1~ ~;.'j_sst1c 
Re Tc 
~:s hex- ;o ~o hexos- 1% hex- % % hexos-
uronate protein amine uronate protein amine 
whole 
tissue 11 .3 - 7.4 12.9 - 12.2 
PPL 29.2 17.5 19.8 20.3 25.9 19.2 
PP-L3 20.4 13.3 18.0 17.1 9.8 17.5 
(!) C/J PP-L4 16.4 11.5 14.8 .. - -
>+l PP-L5 , 8.6 67.5 5.8 .n () 
- - -
.µ ::1 
ctS 'O PP-L6 9.4 57.8 10.0 14.7 13.5 5.33 
'O 0 
~ tt PP-L2 14.5 24.0 bO 5.3 14.0 23.5 16.2 
<I> CRR 0.1 
-A - 0.03 - -
I PFC 25.4 16.8 20.3 26.6 23.2 21.4 ·n 0 Q) 
o> PPC-IJ 29.7 12.7 6.3 25.3 14.7 4.2 ca ·n Cl).µ CR-Gu 0.099 0.99 ·n CIS - - - -0 
Oc Nb 
~ hex- % % hexos- % hex % % hexos-
uronate protein amine uronate protein amine 
whole 11.9 
-
11.4 1.42 
-
0.95 ti~i:m"" 
PPL 28.1 34.2 12.6 19.9 25.5 7.4 
PP-L3 19.7 2.5 13.1 15.1 3.2 9.7 
<I> co PP-L4 - - - - - -> ..µ 
·no PP-L5 - -..µ ::1 - - - -CIS 'd PP-L6 18.8 13.2 15.4 6.0 9.5 11.6 'O 0 CIS H :. 
M Pi PP-L2 13.6 35.8 11.4 9.1 7.0 1.5 bO 
Q) 0.05 0.08 A CRR 
-· - - -
.~ PFC 24.9 J 38.6 5.5 20.4 24.8 3.0 0 (!) O> PPC-II 25.9 10.0 7.2 16.0 29.5 3.9 CtJ ·t"f CtJ .µ 
0.046 •n CIS CR-Gu 
- -
0.05 
- -C"i 
All values represent the average of two determinations and are 
~iven as 100 x mg/mg vacuum-dried product or vacuum-dried whole 
I- • vl.ssue. 
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rich than others. Mevertheless, both PP-12 and PPG-II can be consj.dered to 
belong to a class of proteinpolysaccharides different from that of PH. and PFC 
based upon the differences in extractability or the two classes. 
Differences between zones are revealed by the sharp drop in hexuronate 
and hexosamine content that occurs in unextracted whole tissue at the carti-
lage-bone junction , . b etween ..zones Oc and Nb. In general PPL and PFC. in all 
4 zones have 1) a roughly s:i,milar amount or hexuronate; 2) a graduall7 in-
creasing proportion or protein up to the cartilage-bone junction and then de-
creasing slightly in the Nb zone; and J) a similar amount of hexosamine in Re 
and Tc, followed by a decrease in the Oc and Nb zones. 
The analyses of the 4 subtractions of PPL obtained for the Re zone show . 
that PP-L.3 and PP-L4 have higher hexuronate and hexosamine, but much lowr 
protein content, than do PP-L5 and PP-L6. In other zones, PP-L.3 contains 
more hexuronate and less protein than does PP-L6. 
The determination of hexuronate in each fraction can be used to calculate 
·an assumed chondroitin sulfate concentration. The factor, 2.608, used to 
convert % heX1lronic acid to % chondroitin sulfate, is obtained from the the-
oretical ratio of the molecular weight of a single dissacharide unit of chon-
droitin-4-sulfate, 459.4, to the molecular weight of its D-glucuronic acid 
moiety, 176.l. If we assume that the protein is all non-collagenoua protein 
bound to the carbohydrate, then the SUill-. or the chondroi tin sulfate and 
the protein content gives a calculated value for the amount of chondroitin 
sulfate-protein complex in each proteinpolysaccharide product analyzed. 
This value does not, however, account for any keratan sulfate that may be pre-
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sent as part of the proteinpolysaccharide complex. The data for zone Re, 
based on the above asstllllptions, are given in Table XIII. 
TABLE XXII 
Concentration of Chondroitin Sulfate-Protein Comnlex in Calf-Sca'D'U.lar Tissue. 
Degradative % Chondroitin 
Method Products % Hexuronatea Sulfate0 
PPL 
PP-L.3 
PP-14 
PP-15 
PP-L6 
PP-12 
Dissociative 
.t'iethod Products 
PFC 
PPC-II 
29.2 
20.4 
16.4 
8.6 
9.4 
14.5 
25.4 
29.7 
: in % of dried product 
% hexuronate x 2.608 
c % hexuronate + % protein 
76.2 
5.3.2 
42.8 
22.4 
24.5 
.37.8 
66 • .3 
77.5 
% Chondroitin 
Sulfate-Protein % Proteina ComplexC 
17.5 
.L3 • .3 
11.5 
67.5 
57.8 
24.0 
16.8 
12.7 
93.7 
66.5 
54 • .3 
89.9 
82 • .3 
61.8 
8.3.l 
90.2 
The equivalent weights obtained for each of the proteinpolysaccharide 
fractions for which there was a quantity sufficient for titration are given in 
Table XXIII. In nearly all cases the value show in the table is the average 
of two or more independent titrations. The data required to calculate these 
equivalent weights are given in Appendix A. 
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TABLE XXIII 
Eauivalent Wei~ht of Proteinnolvsaccharides Obtained from Calf-ScaDular Tissue 
Dissociative 
Degradative Method Products Method Products 
Zones PPL PP-12 PPC PPCII 
PP-L3 PP-I4 PP-15 PP-L6 
Re 194 214 
-
139 153 166 252 175 
Tc 242 185 
- -
164 212 263 97· 
Oc 311 142 
- -
99 181 297 284 
Nb 65 
- - -
31 95 Tl 56 
As sho'Wn in Table XXIII, both the PPL and PPC, the principal proteinpoly-
saccharides resulting from the two extraction procedures, show an increase in 
equivalent weight as the cartilage-bone junction is approached. This confirms 
the previous results of Lindenbaum and Kuettner (1967). Every product obtained 
from the Nb zone had a sharply lower equivalent weight than the zones preced-
ing it. 
C. Ca1cium-Binding Affinity Constant, 
An affinity constant for calcium ion was determined, according to the 
method of Schubert (1948), for each proteinpolysaccharide product isolated. 
The formation constant, Kr, for calcium has been used as a measure of the af-
finity of ca-t+ for the proteinpolysaccharide. This constant was calculated 
by dividing the "relative formation constant" (Smith and Lindenbaum, 1971) 
measured at 4 different concentrations of the proteinpolysaccharide by the 
concentration of ligand expressed in milliequivalents/liter. This concentra-
tion was calculated from the weight of dried proteinpolysaccharide present 
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and the equivalent weight obtained for that product. 
The data used to calculate the formation constant for calcium ion for a 
typical proteinpolysaccharide (whose titration curve was shown in Figure 9) 
are given in Table XXIV. 
The definition given in the section on Materials and Methods states that 
the distribution coefficient, Ka. 1 equals the v/m times the ratio of the frac-
tion of 45ca activity adsorbed by the resin to the fraction of 45ca activity 
in solution at equilibrium. The term v/m is defined as . ml of solution vol-
mne/g of resin. As shown in Table :XXIV, the first value for this distribution 
coefficient is Ka_0 , obtained when no proteinpolysaccharide is present in the 
system. The distribution coefficients given in the table vere calculated as 
follows: 
Let A = the original 45ca++ present or the average corrected cpm of flasks 
. 1 and 2 before resin was added; 
Then, 
and 
B = the 45ca++ remaining in solution after resin equilibration with no 
binding ligand present or the average corrected cpm of flasks l and 
2 after resin was added and equilibrium attained; 
C = the 45ca++ remaining in solution after resin equilibration with pro-
teinpolysaccharide present or the average corrected cpm for any sub-
sequent pair of flasks sho'Wil in Table :XXIV. 
Ka_o =A - B x T 
:e iii 
K'. _A - C x :! 
-a - C m 
' 
• 
(28) 
(29) 
TABLE XXIV 
Calculation of the Formation Constant for Ca++ from Resin-Exchange Experiments 
The experimental procedure is described in the Methods section. 'Tris buffer (ionic 
3trength = 0.16, pH ct: 7.2) was mixed with 0 t.o 4.0 ml of a solution containing 2.068 ~is )f PP..L3 Tc/ml of Tris buffer. The COl}Centration, calculated from the equivalent wei:;ht, 
185, and based on the final volume of 10.0 ml, equals 1.1178 meq/l when 1 ml of solution 
Ls added. From the final volume Qf 10.0 ml, two portions (1.0 ml) were taken for radio-
:hemical analysis and 10 mg of Chelex-100 resin was added. The solution was equilibr~ted 
ror at least 4 hours at 2ooc. and two portions (1.0 ml) of the supernatant solution were 
~aken for radiochemical analysis. Radioactivity expressed as the corrected average in 
:pm. Radioagtivity Distribution 
of 4'Ca of 4'ca 
1 10.30 
2 9.25 
3 9.35 
4 9.80 
.5 10.05 
6 10.30 
7 7.80 
8 9.05 
9 10.00 
10 11.30 
11 0 
12 Q __ ,. 
0 
0 
2.068 
2.068 
4.136 
4.136 
6.204 
6.204 
8.272 
B.272 
0 
0 
0 
0 
1. 1178 
1 .1178 
2.2357 
2.2357 
3.3535 
3.3535 
4.4713 
4.4713 
0 
0 
in cpm between 
46,503 
47,163 
46,833 
46,833 
46,833 
46,833 
46,833 
46,833 
46,833 
46,833 
53 
.53 
· 12, 104 
12,660 
16,383 
16,483. 
18,378 
18,797 
23,569 
21,807 
21,507 
21,394 
52 
52 
phases % 
Ol 
0 
t-J 
~ 
cT 
...... 
0 
t::s 
26.0.· ?4.0 
26.8 73.2 
35.0 65.0 
35.2 64.8 
39.2 60.8 
40.1 59.9 
50.3 49.7 
46.6 53.4 
45.9 54.1 
45.? 54.3 
2.282~Kdo D.43821 
1.5467 o.64654 0.4754 
1.1955 o.83647 0.9088 
1.0134 D.98678 1.2518 
0.89121 1.12210 1.5606 
> average 
0.4253 
0.4065 
0.3733 
0.3490 
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Equation 14., derived previously for obtaining the formation c·onstant is 
repeated here: 
Kr = <Ka. o I Kci>- l 
[PP-~] n (14) 
This equation is valid if we assume that ca++ is complexed only by protein-
polysaccharide or that complex"formation by any other anions that might be in 
solution is negligible. 
Equation 14 can be rewritten in logarithmic form as, 
log ( ~o - 1) = n log ~P --J + log Kr (.30) 
A plot of log ( ~ - i} """sus log [pp J should be a straight line whose 
intercept equals Kr and whose slope is n. Figure 19 gives such a log-log pl~t 
for the data given in Table XXIV. The Kr of 0.39 obtained from this plot 
agrees w:Lth the experimentally determined formation constant. The value of 
approximately 1, obtained for the slope n, confirms the l:l stoichitcie'try of 
the ca* binding to proteinpolysaccharide (Schubert, 1956). 
Equation .30 can re arranged to: 
1 
Id = 
1 
!d° + (.31) 
A good index of the reliability of the experiment, according to Schubert 
(1956), is to plot l/Kci versus the proteinpolysaccharide concentration. This 
plot should yield a straight line that can be extrapolated to zero concentra-
tion to give the value l/Kd0 • This procedure offers a convenient method for 
0 
confirming the experimentally determined value of Kd • Figure 20 illus-
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trates such a plot for the date in Table X:XIV. 
The formation constants obtained for each of the proteinpolysaccharide 
products used in these resin-exchange experiments is given in Table XIV. The 
value shown in the table is the average of the Kf measured at four different 
concentrations. All the data required to calculate these formation constants 
for calcium ion of proteinpolysaccharides are given in Appendix B. 
TABLE XX'V 
Formation Constant for Calcium Ion of Proteinpolysaccharides from Calf Scapula 
Dissociative 
Degradative Method Products Method Products 
Zones PPL PP-12 PFC PFC II 
PP-13 PP-14 PP-15 PP-16 
Re 0.173 o.s62 
-
0.319. Ool85 0.170 0.319 0.264 
Tc 0.431 0.388 
-
' 
-
o.6~6 0.158 0.338 0.360 
Oc 0.588 0.361 
- -
NDB 0.319 0.448 0.793 
Nb 0.366 
- - -
NDB 0.537 0.326 0.347 
a NDB = no detectable binding. 
For each experiment in which a formation constant for Ca++ was obtained, 
log ( ~o - 1) was plotted versus the log of proteinpolysaccharide concen-
tration. The Kr values obtained from such plots were 99 ± 8% of the values 
in Table XIV obtained by direct measurement. 
D. The Effect of Proteinnolvsaccharides on the Preciuita.tion of Calcium Phos-
phate.1 
The purpose of these experiments was to determine whether or not the 
addition of calf-scapular tissue, or the proteinpolysaccharide products iso-
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J l: ..:ted fror.1 diffcr.sll"t zonc.3 of t!-"::.t tis2uc, to :metnste.ble solutions of calcium 
phosphate changes the total concentration of ions required for the sponta-
neous precipitation of calci'Ulll phosphate. 
First, several series of solutions were prepared, as described previously 
each having increasing concentrations of calcium and phosphate. Each series 
included concentrations ranging from a low degree of supersaturation, in 
which no crystal formation occurred, to a high degree of supersaturation; in 
which crystals formed spontaneously. The amount of solid formed was then 
plotted versus the degree of supersaturation expressed as the simple ion pro-
duct, Ca x P04. The resulting curve, as depicted in Figure 21, shows a sharp 
break, from which the minimum ion product required for crystal formation is 
read by extrapolation to the base line. This value is called the spontaneous 
precipitation point. The concentration required for spontaneous precipitation 
of calcium phosphate in this system, in the absence of any added product, 
averaged l.95 1!flf ± 0.3 (mean ! standard deviation) from eight such determin-
ations. 
The points of precipitation obtained when each of the proteinpolysac-
charide products was included in a series of solutions prepared in the same 
manner as the series from which the spontaneous precipitation point was· cal-
culated are given in Table XXVI. The table also includes the precipitation 
points obtained when the insoluble cartilaginous residue products, as well as 
the original unextracted calf-scapular tissue from each zone, were each in-
cluded in an experimental series. 
Each value shown in the table is the concentration, in TJfli-, required f'or 
precipitation in the series in which the scapular product was present at a 
r 
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DETERMINATION OF THE SPONTANEOUS 
PRECIPITATION POINT FOR CALCIUM 
PHOSPHATE SOLUTION 
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Fig. 21. A representative curve showing the minimlDll ion product required for 
precipitation of calcium phosphate in a s:ilnple system containing a 
buffered mixture of KCl, KH2P04, and CaCl2• Solution pH = 7.4, 
ionic strength = 0.16, temperature = 37°0. 
I 
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concentration of approximately 1 mg/ml. 
TABLE IXVI 
Ion Product Precipitation Points in mJ.f Calculated for Calcium Phosphate in 
the Presence of Calf Scapula or Its Extracted Products • 
.. 
•' 
Unextracted Degradative Dissociative Extracted 
Zones Whole !issue - .. I H": JI Jill Products Re•idua .. 
PP-L3 PP-Ll.. P.P-L'5 PP-L6 PP..L2 PPC PPCII 
Re 2.5 2.0 
-
2.4 2.2 2.4 2.6 2.3 1.8 
Tc 2.7 2.4 
- - -
2.4 2.4 2.3 1.9 
Oc 2.9 2.s 
- - -
2.7 2.9 2.s 2.2 
Nb ,J 2.4 2.5 
- - -
2.2 2.3 2.6 2.0 
Although these results wre obtained at only a single concentration ot 
proteinpolysaccharide, they indicate that the presence or either unextracted 
scapular tissue, or the proteinpolysaccharides obtained from that tissue 1 bas 
an inhibitory effect on the separation of a solid phase from the ionic solu-
tions in this system. · That is, a higher concentration or calcium and phosphate 
ions are required mfore precipitation or the solid can occur. In addition, 
the greatest degree of inhibition was obtained with the products isolated from 
zone Oc, the zone closest to the cartilage-bone junction. 
A further exploration by this same technique of this apparent inhibition 
of calcium_ phosphate precipitation could be of considerable interest. As 
Lindenbaum and Kuettner (1967) have observed, calcification takes place in an· 
extremely narrow layer that constitutes only a relative;J.y Small portion of 
the total zone termed Oc. A further separation of the proteinpolysaccharides 
from this zone might lead to the isolation of the particular macromolecule 
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responsible for the inhibition. Howell (1970), using microanalyti~al methods, 
found a single proteinpolysaccharide fraction of the extracellular fluid aspir-
ated at the site or calcification in epiphyseal cartilage that inhibited the 
growth of crystalline calc.ium phosphate in vitro. 
The precipitate separated from the solution phase in experimental series 
siJDilar to those used in the P.resent study could also be studied ~r, with 
\ 
the double-labelled isotopic analysis method. FUredi-Milhofer and others· 
(1971) have.shown that temperature, pH, and initial concentration ot ions can 
all greatly affect the morphology, composition, and structure of calcium phos-
phates precipitated from ionic solutions. The Ca/P ratio tor bone apatite bas 
been found to vary from 1 • .3 to 2.0 (Neuman and Neuman, 1957), and it would be. 
interesting to explore further the conditions required to form a calcia phos-
phate resembling bone apatite in composition. This method of analyzing the 
isotopic ratio provides a tool that may suceed in obtaining more det1D1ti"V9 
information than has been possible previously'. 
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CHAPTER 1.V 
DISCUSSION AND CONCLUSIONS 
One problem that is crucial to the understanding of the function of pro-
teinpolysaccharides in calcifying cartilage is to understand the exact struc-
ture of these macromolecules as they exist in intact tissue and their relation-
ships to other macromolecules, particularly collagen, that are also present. 
Neither degradative extraction, involving tissue homogenization, nor dissoci-
ative extraction, involving reversal of some specific.aggregation of the com-
plexes, removes proteinpolysaccharide in a completely unaltered or "native" 
condition. Consequently, the present study used two methods that differed in 
the amount of shear required to extract the proteinpolysaccharide from the 
zones of scapular tissue. To understand to what extent each isolated product 
differs from its original conformation we need a better understanding of how 
these two extraction methods work. 
Shatton and Schubert (1957) noted the apparent contradiction between the 
ease of solubility in water of proteinpolysaccharides and the difficulty of 
extracting these compounds by water ldthout violent agitation resulting in com-
plete mechanical disintegration of the cartilaginous structure. Since their 
evide.nce had shown that chondromucoprotein does not move at all when subjected 
to electrophoresis in a stabilized medium, but does move at about the rate of 
chbndroitin sulfate in free-solution electrophoresis, they theorized that the 
collagen fibers behaved similarly to paper fibers in mechanically hindering the 
mobility of the large proteinpolysaccharide molecule. The collagen fibers 
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must presmnably be physically bro'h:en do\.m before the soluble complex Cli..n be 
extracted. 
For this reason, the method of Sajdera and Hascall (1969) was or great 
interest because of the ease with which proteinpolysaccharide was mobilized 
from cartilage at optimal ionic strength of solvent. These investigators had 
theorized that the -efficacy of the JDethod depended on the ability of the ~x­
tracting solvent to reverse specific aggregations or proteinpolysaccha.rides 
which exist in living tissue. The basis for their theory was the phenomenon 
of reversible aggregation which proteinpolysaccharides underwent in Jite:p~ 
This aggregation was shown to require interactions between two distinct:tfpes 
of macromolecules: large chondroitin sulfate-enriched proteoglycan su.,~ts 
' ,,· ':' 
and much smaller protein-enriched glycoproteins (Hascall and Sajdera, 1969). 
. . .',i 
The interactions that result in such aggregation were studied by test~ • 
number of reagents and solvents to determine the conditions under which.dis-
sociation occurs (Sajdera, et al., 1970). Their results showed that the dis-
sociation was promoted by a) pH belov 4; b) high concentrations ot various 
salts; and c) protein denaturants. 
Any condition that caused dissociation of the aggregate vould be expected 
to allov extraction or proteinpolysaccharides, if the mechaniSlll or extraction 
was, in fact, the direct result of the breakdown of large non-coyalentl;r-
linked aggregates. These investigators showed that extraction does occur 
readily in solvents at lov ionic strength if the pH is belov 41 but the pre-
sence ot acid hydrolases in cartilage makes it uncertain whether dissociation 
or molecular degradation is the primary cause of extraction (Sajdera,et al., 
1970). Maximal extraction vith high concentrations of inorganic salts and 
131 
p:cotein denatm·a.nts such as gua."1idine hydrochloride is sharply dependent on 
ionic strength. At concentrations below the optimum for any given electrolyte, 
extremely long periods of time are required to extract the soluble protein-
polysaccharides without res~rting to homogenization. At concentrations above 
\ 
the optimum, both the rate or extraction and the yield or soluble proteinpoly-
saccharides are decreased, especially for inorgalrl,c electrolytes. Such be-
havior is difficult to explain on the basis of disaggregation.of simple nOn-
covalent bonds alone • 
. Consequently, an alternate hypothesis for the mechanism of extraction was 
suggested (Sajdera and Hascall, 1969). This hypothesis proposed an electro-
static interaction betwen proteoglycans, acting as a polyanion, and aom 
other tissue component, acting as a polycation. Such interactions are cbar-
acterized b;y "critical electrolyte concentrations," _(CEC), below which the 
pol.yanion exists as the salt of the cation and above which it exists aa the 
ionized salt of the electrolyte. Scott (1970), who has studied these inter-
actions extensively, believed that the very clear "critical electrol.7'te COJ:looi. 
centration" effects shown 'When proteinpolysaccharides are extractec1 with ealt 
solutions makes the assumption or an electrostatic interaction between these 
complexes and some other tissue components very reasonable. 
If dissociative extraction is dependent upon the destruction of this 
electrostatic interaction betwen proteinpolysaccharide and its counterpart 
polycation, the product isolated b;y dissociative extraction would be expected 
to be in a more "native" state than the product isolated b;y degradative ex-
. traction. The results of the present study are not definitive enough to 
either prove or diaprove this hypothesis that the products obtained from dis-
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sociative extraction are in a less degraded state than the products from the 
same zone obtained from degradative extraction. Howver, in the dissociative-
extraction method,·as 'Well as the degradative-extraction method, significant 
~ 
amounts of proteinpolysaccha~ide remain with the cartilaginous residue are 
extracted with hydroxylamine. This difference in extractability evident 1n 
~ 
both extraction schemes has led to speculations about differing tunctions. for 
the readily-extractable forms of proteinpolysaccharide and th~ "resistant• 
forms (Bowness, 1968). 
The results for the present study showed that although the equiValent 
weight of the resistant form (PP-L2 or PFC-II) w.s generally lower than the 
main readily-extractable form (PPL or PFC), there w.s no readily apparent dis-
. +1-
tinction bet-ween the two forms regarding affinity for Ca or capacity to in-
hibit calcium phosphate precipitation. 
But t~ possibility of compartmentalized, metabolically distinct protein-
polysaccharides, one fprm of \.lhich is associated with collagen, remains. 
Campo and others (1972) recently tried to demonstrate that the· rea.d.ily'-extrao-
table forms, such as PP-L3, were precursors of the resistant forms, such as 
PP-L2. While this could not be definitely established, they did shov that the 
metabolic behavior of the two forms w.s clearly different. 
A very plausible idea concerning the role of proteinpolysaccharides based 
on the evidence is that these substances lower the activation energy required 
for collagen fibrils to act as a nucleation catalyst .(Weidman, 1963; Fleisch, 
1964). A possible mechanism by which this could occur is a "storage-and•re-
leasen action by proteinpol.ysaccharides. Howell (1970) used thi~ term to de-
scribe those theories which proposed that somewhere bet-ween the synthetic sites 
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of cell merJbranN; and the final site of deposition in the matrix, tp.e ions may 
be stored, and then released from a carrier molecule as mineralization occurs. 
lA. "carrier" molecule, such as proteinpolysaccharide could function to store cal-
ciUI!l ions'and then release them as mineral particles are formed. Among other ex-
amples of such a "storage-and-release" theory, Urist (1966, 1970) postulated a 
tripartite mechanism, in which...calcium binds first to the anionic groups iD de-
graded protein of various matrices including bone. Subsequently phosphate ions 
would associate to form a tripartite protein-calcium-phosphate complex. In the 
final phase a'geometric configuration of inorganic ions, or a nucleation center, 
would be formed and released. The hypothesis rests on the assumption that the 
binding of calcium to protein raises the concentration ot calcium to the point, 
necessary to form the first mineral clusters, whose subsequent depositiaa. and 
orientation is controlled by the nucleating action of the collagen fiber. 
Another assumption of the "storage-and-release" hypothesis is that the nu-
cleation of bone-apatite crystallization in cartilage functions in' the same man-
ner as in bone, even though Bonucci (1969) demonstrated that the crystallites 
in cartilage are not aligned along the collagen fibril as they are 1n bone but 
instead lie pr:llnarily between the fibrils, which are widely dispersed and less 
oriented than those seen in bone. Stratas and Neuman (1958) mention the .pos-
sibility that a different mechanism of crystal seeding might operate 1n osteoid 
than 1n cartilage. However, proponents of the collagen-nucleation theory still 
assume that masses of unaligned mineral crystals could grow from collagen-ori-
ented, but widely separated, initial nucleational clusters. Such an assumption 
is strengthened by the evidence of Bonucci that the proteinpolysaccharides are 
associated with the crystalline deposits in bone as well as in cartilage. 
' . 
A corollary to this "storage-and-release" theory is that calcification 
ould be inhibited during the "storage" phase and could only proceed when the 
protein-calcium-phosphate complex was degraded... The results of the present 
study show a progressive increase in both equivalent weight and calcium-ion 
affinity as the cartilage-bone junction is approached, followed by a drop in 
the Nb zone. The proteinpolysaccharides isolated from those zones also in-
crease the concentration of calcium and phosphate ions required for precipi-
tation of a solid phase in vitro, 
13 
Howell and coworkers (1968, 1969, 1970) developed a method for directly 
assessing the calcium and phosphate concentrations in the microscopic extra-
cellular fluid compartment from a calcifying cartilage site. They concluded 
that the ion product for the two ions in this extracellular fluid aspirated 
directly from the calcifying sites of epiphyseal cartilage was insufficient 
to allow calcification to occur by any spontaneous-precipitation mechanism as 
originally described by Robison (1926). However, the ion product was suffi-
ciently high to allow crystal growth on preformed hydroxyapatite to occur. 
But, as with norrral serum, this extracellular fluid inhibited crystal growth 
in vitro, Furthermore, unlike results with normal sera, inhibitory action was 
limited to the portion of extracellular fluid that sediments in the ultracen-
trifuge (Howell et al., 1969). A later report (Howell, et al., 1970) showed 
that the inh~bitory effect was confined to a single proteinpolysaccharide 
fraction in the aspirated extracellular fluid and that the concentration of 
this fraction in the fluid obt~dned from co:r.ipletely calcified cartilage (as 
compared to calcifying cartilage) was sharply reduced or absent. 
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Weinstein and others (196J)had shown that certain proteinpolysacchu:rides 
selectively suspend mineral phases in solution, and DiSalvo and Schubert (1967) 
had identified PP-L5 as the subfraction or PP-L associated with a specific in-
hibition of the precipitation of calcilllll phosphate. For this reason, H01Vell 
and coworkers (1969, 1970) compared the effect of PP-L, PP-L5, and aspirated 
extracellular fiuid obtained from histologically identified sites in epiphyseal 
cartilage where calcification was destined to occur within a few hours on· the 
growth in vitro of the mineral phase. They found that, while both PP-J..·aud 
PP-L5 prevented calcimn phosphate precipitation from the system used, ~-.pro­
teinpolysaccharide-inhibitor factor, lolhich had the properties or an aggregate 
of the R2 fraction of D:1Salvo and Schubert (1967) 1 was :missing from bot.Ji tile 
micropuncture fiuid and the solid phase at calcifying sites. This lBS tJie 
first direct support for the view that proteinpolysaccbarides inhibi~ ~­
siologic calcification by sequestering calcium ions until they are rel...,_ 
for deposition at calcifying sites when the proteinpolysaccbarides are degrad-
'.J": ;, 
ed by_ l.ysosomal. enzymes (Campo, 1970). Enzyme e~acts obtained from epipb7-
seal plate destroyed the ability of proteinpolysaccbarides to prevent the sedi-
mentation of calcium phosphate from solution (Campo et al., 1969). This theory 
or enzymatic degradation of proteinpolysaccharides is also supported by' the 
previous immunochemical evidence of Hirschmann and Dziewiatkowsld. (1966) in 
which nuorescein-labelled antibodies to proteinpolysaccharides were used to· 
demonstrate that these components are lost or drastically altered during or 
just preceding calcification. 
The conclusion of DiSalvo and Schubert (1967) that PP-L5 specifical.ly' 
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prevented the sedimentation of calcium phosphate in vitro seems to contradict 
a later obser:vation of Beale and Schubert (1971) that PP-L5 induced a more 
rapid precipitation of calcium phosphate. Beale and Schubert explained this 
apparent contradiction on th~ basis that the concentration of ions in their 
study was much lower than that used in the earlier investigation. Furthermore, 
- I in that previous study (Disalvo and Schubert, 1967) the presence of ~;. in 
the calcium phosphate solution induced a stable opalescence vhich behaved to 
' . 
some extent as if it were a com.pound of PP-L5 and calcium phosphate. In. other 
words, the action of pp..;i:,5 did not prevent the precipitation of solid calcium 
phosphate, but only prevented its sedimentation. 
Rosenberg and coworkers (1970) found evidence to support a theor.r that 
pp..;r,3 represented a monomer form while PP-L5 represented an aggregate fora. 
The existence of this aggregate depended on the presence of a gl.ycoprotein 
termed •linJring proteinn by Hascall and Sajdera {1969). The amount of PP-l.S 
obtained from fractionation of the PP-L extracted from cartilage might, there-
fore, renect the amount of "linking protein" removed from the cartilage •-
trix by a particular extraction procedure. 
In the present study only a small amount or PP-LS was f'ound in the Re 
~ 
zone of scapUlar cartilage and negligible amounts in the zones nearer the car-
tilage-bone junction. This.finding suggests that the gradual disaggregation 
of large macromolecular complexes by enzymie removal of Dlinking protein" may 
be a necessary preliminary to calcification. 
Previous studies, conducted to ascertain the effect of cartilage protein-
polysaccharides on the rates or amounts of calcium phosphate precipitable fran 
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solution, have shown that there are eistinct factors in cartilage.'Whose effect 
on in vitro systems varies (Di.Salvo and Schubert, 1967; Bow.ness and Lee, 1967; 
Beale and Schubert, 1971). The present study showed that the proteinpol.y-
saccharides obtained from the ossifying zone, Oc, of calf scapular cartilage 
had a slightly greater inhibitory effect than the products obtained from other 
areas or from the unextractedJcapular tissue. Together with the increased 
calcium-ion affinity associated with the ossifying zone, Oc, the results·tend 
to· support a •storage-and-release" function for proteinpolysaccharides in en-
dochondral ossification. 
A previous study designed to compare proteinpolysaccharides of calf-sca-
pular cartilage (an ossifying tissue) to those of calf-nasal septum ( a non-
ossifying tissue) demonstrated no specific difference which could control or 
initiate calcification (Smith and Lindenbaum, 1971). This study, however, 
noted that the subtraction PP-L6 in both nasal-septum cartilage and the rest 
and ossifying areas of scapular cartilage had a distinctly higher relative 
affinity tor calcium ion than that or any other fraction. This difference was 
not consistently seen in this study and the reasons for this discrepancy are 
not clear at this time. The PP-Ih fraction isolated in the present study from 
the Re and Oc zones of scapula appears distinctly different from the smne f'rac 
tion isolated from these same zones in the previous study, as indicated by the 
difference 1h uronic acid content and especially by the sharply lower equiva-
lent wight of the PP-L6 fraction. A difference 1n tlssue preparation that may 
have resulted in differences 1n extractability of the various subtractions may 
be the explanation of these differences. In most instances, Smith and Linden-
baum (1971) shattered the tissue 1n its frozen state to a fine powder vi.th a 
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micromill. In the present study the fresh or frozen ethanol-washed scapular 
tissue was homogenized in ethanol. 
Lindenbaum and Kuettner (1967) demonstrated an increase of proteinpoly-
saccharides in terms of dry ash-free weight in the Oc zone as compared to the 
Tc and Re zones. In addition, the proteinpolysaccharide was more easily ex-
tracted from the Oc zone and sho-wed a higher equivalent -weight and lower titre.-
table sulfate than the previous two zones. The results are compatible with 
the findings of the present study that showed that the greatest proportion of 
hexuronate-containing material was extracted from the Oc and Nb zones. The in-
crease in equiva1ent weight from Re to Tc to Oc also confirmed earlier results. 
Calcium-binding data also showed the same pattern of gradual increase as 
the cartilage-bone junction is approached, followed by a decrease. Both the 
increase in equivalent weight, and the corresponding increase in cal.cium-ion-
binding capacity are undoubtably attributable to the polysaccharide moiety. 
Kuettner and Lindenbaum (1967) have sho'Wil a rise in polysaccharide concentra-
tion toward the region of the cartilage-bone junction, and Dunstone (1959,1960) 
concluded that the chondroitin suJ.fate component of cartilage was the main 
factor responsible for cation binding. 
A nev method, developed in the present study, was found to be useful for 
determining the amount of calcium and phosphate that has precipitated from an 
ionic solution. The method consists of adding both radiocalcium and radio-
phosphorus, and then relating the simultaneously measured radioactivity to 
concentration. This method is extremely adaptable and could be used to follow 
changes in either the solution phase or the solid phase, to determine the iso-
topic ratio of the solid, to assess the effect of inhibitors or other para-
139 
~eters on the precipitation process, without the need for separate colorimetric 
or other procedure for analyzing the calcium and phosphate concentration in a 
very large number of solutions. The measurement of the radioactivity of the 
retained precipitate could be improved, perhaps, by suspending the solid in a 
thixotropic scintillator fluid such as xylene-Triton-N-101 (2.5:1; 0.5% w/v 
PPO). (Lindenbaum and Smyth, 1971). Many other parameters of nucleation in 
tmetastable calcium phosphate solution, including the influence of other pos-
sible inhibitors such as the acidic peptide isolated by Howard and others 
(1967), could by studied by the techniques used in this investigation. 
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SUNNARY 
A summary of the conclusions drawn from this investigation are: 
1. The proteinpolysaccharide complexes obtained from dissociative extrac-
tion of calf scapula resemble in composition the proteinpolysaccharides ob-
tained from degradative extraction, but because they are extracted under con-
ditions of less shear may represent a less degraded state of the macromolecule. 
2. The proteinpolysaccharide obtained from the scapular zone closest to 
the cartilage-bone junction had the highest equivalent weight and exhibited 
the highest affinity for calcium ion found for any of the proteinpolysaccha-
rides extracted. 
3. The inhibition of calcium phosphate precipitation induced by the pro-
tein polysaccharide complexes support the hypothesis of an inhibitory function 
for proteinpolysaccharides before the onset of calcification • 
. 4. The two f~dings, of increased binding affinity near the cartilage-
bone junction, and the inhibitory action on solid-phase separation, are com-
patible with a "storage-and-release" hypothesis concerning the role of protein-
polysaccharides in endochondral ossification. 
5. Development of a du.al-labelled liquid-scintillation method allows 
rapid assessment of the extent of solid calcium phosphate separation from 
ionic solutions. 
Appendix A 
Data Used to Calculate Eauivalent Wei;:;hts of Proteinpolysaccharid~ 
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CD p, 
1 PP-13 RC 28.00 0.94 0.94 4.7309 3.2443 7.9752 20.0248 0.0939 213.3 
2 PP-13 RC 14.65 0.48 Oo44 2.4343 1.5186 3.9530 10.6970 0.0479 223.2 214 
3 PP-13 RC 16.65 0.56 o.68 2.8936 2.3470 5.2406 11.4094 0.0559 204.0 
4 PP-13 OC 38.45 2.38 0.70 7.7164 2.4160 1o.1324 28.3176 0.2376 119.2 142. 5 PP-13 oc 34.40 1. 60 0.76 5.6036 2.6231 8.2267 26.1733 0.1598 163.8 
6 PP-13 TC 48.80 2.04 0.90 7.1652 3. 1063 10.2715 38.5284 0.2037 189. 1 185 ~ 7 PP-13 TC 48.40 2.02 1. 18 7.6705 4.0727 11. 7432 36.6569 0.2017 181. 7 _.. 
8 PP-L2 RC 7.05 . 0.20 0.52 1.8372 1. 7947 3.6320 B.4180 0.0200 171.2 l ,- I' co 
9 PP-L2 RC 7.30 0.24 0.46 1.8372 1.5877 3.4249 13.8751 0.0240 161.7 
,-
10 PP..L2 OC 26.50 0.98 1.00 4-.8687 3.4514 8.3201 18.1799 0.0979 185.8 181 
11 PP-L2 OC 15.25 0.58 0.56 [3.1233 1. 9328 5•0561 10. 1939 0.0579 176.0 
12 PP-L2 TC 23.35 0.84 0.58 B.5826 2.0018 5.5844 1?.7656 0.0839 211.8 212 
13 PP-L2 Nb 14.00 0.76 0.94 t3.5367 3.2447 6.7810 7.2190 0.0759 95. 1 ,--.-':) '.> 
14 PPL OC 40.30 1.32 0.74 ~.7309 2.5540 7.2849 33.0150 o,. 1318 250.5 311 
15 PPL OC 28.40 0.58 1.00 B.4908 3.4514 6.9422 21.4578 0.0579 . 370.5 
. 
16 PPL RC 28.30 0.96 0.90 ~.1797 3. 1063 7.2860 l21.0140 0.0959 219.2 194 
17 PPL RC 25.90 0.92 1.40 5.5117 4.8320 10.3437 15.5563 0.0919 169.3 
18 PPL TC 48.00 1.66 1.28 6.7059 4.4178 11.1237 36.8763 0.1658 222.5 2L~2 
19 PPL TC 40.45 1.22 1.00 5.0065 3.4514 8.4579 31.9921 0.1218 262.6 
20 PPL Nb 39.50 3.22 2.50 11 .2072 8.6285 19.8357 19.6643 0.3215 . 61.2 65 
21 PPL Nb 23.30 1.62 1.66 5.4763 5.7294 12.2056 11.0944 J.1617 68.6 
22 PPC RC 30.75 0.90 1. 10 +.4094 3.7966 8.2059 22.5441 J.0899 250.9 252 
23 PPC RC 40.90 1.20 1.34 5.8792 4.6249 10.5041 30.3959 ::>. 1198 253.7 
24 PPC OC 27.05 0.62 1.38 t.6850 4.7630 ~.4479 17.6021 => .• 0619 284.3 297 
25 DPC oc 20.10 0 40~ . . 1.18 ~.6285 4.0?2.7 1.7012 2.3987 0.0399 310.4 
~ 
ti 
26 PPC TC 32.40 1.00 0.90 4.3175 3.1063 7.4238 24.9762 0 • .09985 250.1 263 
27 PPC TC 18.20 0.42 1.00 3.2152 3.4514 6.6666 11.5334 0.04193 275.0 
28 PP-L6 RC 8.65 0.24 o.88 2.8018 3.0373 ·5.8390 2.8110 0.02396 117.3 153 
29 PP-L6 RC 8.60 0.20 0.74 2.2966 2.5540 4.8506 3.7494 0.01997 187.8 
30 0 P-L6 oc 7.90 0.32 0.52 2.5262 1. 7947 4.3209 3.5791 0.031952. 112.0 
' 99 
31 PP-L6 OC 7.20 0.42 0.40 2.2047 1.3806 3.5853 3.6148 0.04194 86.2 
32 PP-L6 TC 12.45 0.36 1.08 3.6286 3.7280 7.3560 5.0939 0.03595 141.7 16Lf 
33 lPP-L6 TC 11.90 0.34 o.86 2.6181 2.9682 5.5862 6.3137 0.03395 186.0 
34 PP-16 Nb 15. 10 0.34 0.52 2.2506 1. 7947 4.0454 1.0547 0.03395 31. 1 31 
35 PPC Nb 7.85 0.28 0.54 1 .6994 1 .8638 3.5632 4.2862 0.0280 78.7 7'7 
36 IPPC Nb ~8.30 2.46 0.74 7.3030 2.5540 9.8577 18.4429 0.2456 75. 1 
37 0P-L5 RC 10.95 0.38 0.90 3.0774 3.1063 6. 1 ts36 4.7664 0.3794 125.6 
38 0P-L5 RC hl.05 0.38 P.74 2.7559 2.5540 5.3099 5.7402 0.3794 151.3 139 
39 0P-L5 RC r?.oo 0.30 b.36 1.5616 1.2425 2.8042 14. 1958 0.0299 140. 1 
40 DPCII RC ~ 5. 15 0.20 h.84 4.6850 6.3510 11.035 14.1140 0.0200 206.0 175 
41 DPCII RC 7.55 0.80 0.58 13.1233 2.0018 5.1251 12.4249 0.0799 145.8 
42 r'.PCII TC 7.90 10.70 ~. 74 ~.0500. 16.0050 11.6550 p.2450 0.0699 89.3 97 43 0PCII TC 3.15 0.22 .. D.50 1.6535 1.7257 10.3700 ~·7613 0.0220 104.7 
~ 
t; 
l 
44 PPCII OC 13.50 0.22 1. 12 3.4910 3.8660 7.3.560 6.144 0.0220 279.7 284 45 PPCII OC 11.40 0.14 1.14 . 13.4450 3.9350 7.3790 4.020 0.0140 287.6 
46 PPCII Nb 4.00 0.2~ 0.3~ 1.5157 1 .3115 12.~273 1. 1 ·1~ 0.0260 41.9 56 47 PPCII Nb e4.55 1.88 1.24 7.1652 4.2798 11.4450 13.105 0.1877 69.8 
I 
-
" 
~ 
t 
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.. Appendix B 
' 
Data Used to Calculate Formation Constants for Calcium Ion 
I' 4,tivity of Distr~~ution 
Ca in of Ca 
CPM between 
phases % 
o' Sl> Sl> < . <I> t; '1 <l> 0 t; 
"' Cl} 
<D 
'i ~1~~ s I-'· 0 0 <l> 0 en Sl> t; ()q s ::s ts 11 'i ..... I-'• en ..... ~ ..... ()q 0 Cl> ::s ~ ' H) Sl> 'i s. 'i s::: CD en <t> "'d <I> 0 'i <D (T, 
-
~ I ~ m "'d $~ <D m I-'· 0 ~ ..... ..... t"t m I-'- 0 SU ~ 1::$ I-'- 1::$ ::s ..... 
;_Q ' 1:::1 0 ......, 
·1 
equivalent wt. 194 PPL RC i 
1 9.70 0 0 44,060 . 12,060 27.4 72.6 2.14669K~· Q4658 
2 9.50 0 0 42,924 12,265 28.6 71.4 
3 8.90 2.72 1.4021 43,492 14,541 33.4 76.6 1. 7481 :>.5720 0.22801 0.1626 
4 7.65 2.72 1.~021 43,492 16,525 38.0 62.0 5 10.25 5.44 2. 041 43,492 15,837 36.4 63.6 1.3536 D.7388 0.58591 0.2089 
6 8.40 5.44 2.8041 43,492 18,035 41.5 58.5 
7 9.00 8.16 4.2062 43,492 17,973 41.3 58.7 ~ .2291 D.8136 0.74655 0.1775 
8 10.50 8.16 4.2062 43,492 16,924 38.9 61.1 
9 11.40 10.8E 5.6082 43,492 16,291 37 • .5 62 • .5 .19723 ).83526 0.79304 0.1414 10 7.75 10.BE 5.6082 43.,492 19,909 45.8 .54.2 
11 0 0 0 48 50 ..... ~ 
'VI 12 0 0 0 52 57 average = 0.173 
equivalent wt. 242 PPL TC 
1 12.00 0 0 44,319 10,808 24.4 75.6 2.0669Kcf 0.4838 
2 9.85 0 0 45,035 12,420 27.6 72.4 
3 8.80 3.392 1.4016 44,177 18,623 42.2 57.8 1. 1925 .8385 0.7332 0.5231 
4 7.50 3.392 1.4016 44,177 21,374 48.4 51.6 
5 9.30 6.784 2.8033 44,177 20,711 46.9 53.1 0.9255 1 .08Q4 1.2332 0.4399 
6 9.30 6.784 2.8033 44, 177 21,881 49.5 50.5 ) 
7 10.20 10.176 4.2050 44, 177 20,740 46.9 53.1 0.8299 1.2049 1.4905 0 '>51·4 • -· -r 
8 9.15 1o.176 4.2050 44, 177 23,438 53.0 47.0 
9 10.95 13.568 5.6066 44, 177 . 23,396 53.0 47.0 0.6299 1.5878 2.2813 0.4068 
10 11.85 13.568 5.6066 44,177 23, 187 52.5 47.5 
1 1 0 0 0 52 47 
12 0 0 0 55 56 average = 0.431 
equivalent wt. 311 PPL OC 
1 9.30 0 44,854 12,988 29.0 71.0 2.1137KJ' D.4731 
2 10.00 0 44,811 12,290 27.4 72.6 
3 11.85 2.098 .6745 44,833 13,652 30.4 69.6 1.5419 D.6486 Do3708 0.51+97 
4 
5 8.75 4~196 1.3490 44,833 19,46'8 43.4 56.6 1.1759 ~8504 .7975 0.5911 
6 8.55 4.196 1.3490 44,833 20,011 44.6 55.4 
7 10.70 6.294 2.0235 44,833 19,273 43.0 57.0 .9880 .012 .1394 0.5630 
8 11.60 6.294 2.0235 44,833 18,469 41.2 58.8 
9 9.40 8.392 2.6980 44,833 24,890 55.5 45.5 0.7695 .2995 .7468 o. 6lt'?l;-
. -' 
10 8.60 8.392 2.6980 44,833 23,334 52.0 48.0 -!:'-
°' 1 1 0 0 0 50 49 
12 0 0 0 ,c;1l c;~ averafite = -sg~ 
equivalent wt. 65 PPL Nb 
1 12.80 0 0 46,603 10,372 22.2 77.8 2.077~Kd 0.4312 
2 11.00 0 0 43,894 11, 823 26.9 73. 1 
·3 8.40 2.76 4.24615 45,249 26,029 57.5 42.5 .7410 1.3495 1.8040 0.42lf8 
4 8.15 2.76 4.24615 45,249 25,229 55.8 44.3 
5 10.80 5.52 8.49231 45,249 26,255 58.o 42.0 .5255 1. 9029 2.9539 o.31+78 
6 12.45 5.52 8.49231 45,249 25,112 55.5 44.5 
7 11.4.5 8.28 12.73846 45,249 27,924 61.7 38.3 .3676 2.7203 4.6523 o.3652 
8 8.70 8.28 12.73846 45,249 34,066 75.28 24.7 
9 8.75 11. 01~ 16. 98461 45,249 31,814 70.3 29.7 .3178 3.1466 5.5380 0.3260 
10 9.60 11.04 16. 98461 45,249 34,815 76.9 23.1 I 
11 0 0 0 52 47 
12 0 0 0 55 56 average = 0 • .366 
equivalent wt. 214 PP-L3 RC 
1 9.75 0 0 48,912 12,381 25.3 74.7 2.3712.J(do 0.4217 
2 10.55 0 0 48,680 11'986 . 24.6 75.4 
3 10.45 1.996 0.93271 48,796 18,367 37.6 62.4 1.2683 .?88455 .86959 0.93233 
4 
5 9.60 3.992 1.86542 48,796 ~4,370 49.9 50.1 .890295 t.12322 1.66340 0.89170 
6 10.15 3.992 1.86542 48,796 122, 186 45.5 54.5 
7 10.55 5.988 2.79813 48,796 124,806 50.8 49.2 .729634 . 1.37055 2.24987 0.80406 
8 9.25 5.988 2.79813 48,?96 26,529 54.4 45.6 
9 10.60 7.984 3.?3084 48,796 e6,793 54.9 ~.5.1 .58361 1.71347 3.06299 0.82099 
10 11.25 7.984 3.73084 48,796 g7,571 56 • .5 ~3.5 
1 1 0 0 . 0 54 
~ 12 p 0 0 55 ~ 
average = o.862~ 
equivalent wt. 142 PP-L3 OC 
1 10.00 0 0 48,862 11,904 24.4 75.6 2.4837Kd 0.4026 
2 0 0 
3 9.00 1. 98 ·1 .394 48,862 17,054 34.9 65.1 1 .637 0.6108 0.5174 0.3712 
4 9.00 1. 98 1.394 48,862 17,344 35.5 65.5 
5 10.30 ')~96 2.789 48,862 18,686 38.2 61.8 1.243 0.8045 0.9984 0.3530 
6 9.25 3.96 2.789 48,862 20, 153 41.2 58.8 
7 10.75 5.94 4.183 48,862 2l,444 43.9 56. 1 0.9284 1.0771 1.6752 0.4005 
8 9.7() 5.94 4. 183 48,862 23,293. 47.7 52.3 
9 10.10 7.92 5.5?7 48,862 22,768 46.6 53.4 0.9053 1. 1046 l.7435 0.3127 
10 9.55 ?.92 5.577 48,862 23,516 48.1 51.9 
1 1 0 0 0 52 52 
12 0 0 0 52 52 average = 0.3S 1 
equivalent wt. 139 PP-L5 RC 
1 11.60 0 0 44,162 10,341 23.4 76.6 2.1916Kd 0.4562. 
2 10.85 0 0 44,065 11 ,339 25.7 74.3 
3 9.55 0.528 0.3798 44,114 12,965 29.4 70.6· 1. 9664 0.5085 o. 1145 0.3014 
4 10.65 0.528 0.3798 44, 114 12,402 28.1 71.9 
5 10.00 1.056 0.7596 44,114 12,816 29.0 71.0 1.8286 0.5468 0.1985 0.2613 
6 '10.40 1~056 0.7596 44,114 13,722 31. 1 68.9 
7 11.70 1.584 1.1394 44, 114 13,058 29.6 70.4 1.5777 o.6338 0.3891 0.3l:.14 
8 13.50 1.584 1.1394 44, 114 12,317 27.9 72.1 
9 11.20 2.112 1 .5192 44, 114 15,121 34.3 65.7 1 .3988 0.7148 0.5667 0.3730 
10 8.70 2.112 1.519z 44,114 17,276 39.2 60.8 
0 
_, 
1 1 0 0 53 50 .i::--()() 
12 0 0 0 48 46 average = 0.319 
equivalent wt. 153 PP-L6 RC 
l 9.70 0 0 44,470 11,805 26.5 73.5 2.252 K~ b.1440 
2 11.00 0 0 44,720 11 ,024 24.6' 75.4 
3 9.40 2.714 l·. 7738 44,595 14,576 32.7 67.3 l. 69092 0.59139 0.33182 0.1871 
-
4 11.25 :T.714 1. 7738 44,595 13,551 30.4 69.6 
5 10.35 5.428 3.5477 44,595 16,509 37.0 63.0 l .37805 0.7257 0.63419 0.1788 
6 10.55 5.428 3.5477 44,595 15,375 34.5 65.5 
7 9.10 8.142 5.3216 44,595 19,362 43.4 56.6 1.12022 0.8927 1.0103 0.1878 
8 11.65 8.142 5.3216 44,595 l 7' l 90 38.5 61.5 
9 10.00 10.856 7.0954 44,595 19,376 43.4 56.6 0.97768 1.0228 1.3034 0.1837 
10 10.00 10.856 7.0954 44,595 20,813 46.7 53.3 
1 1 0 0 0 53 51 
12 0 0 0 ·49 50 average= 0.185 
equivalent 164 PP..L6 TC 
1 10.25 0 0 43,298 11'712 27.0 73.0 2.0833 Kdi.. 0.4800 
2 9.60 0 0 43,037 12,386 28.8 71.2 
3 10.50 0.156 0.09512 43, 168 12,309 28.5 ' 71.5 1. 9484 .5132 0.0692 0.7275 -
4 9.50 0.156 0.09512 43, 168 12,850 29.8 70.2 
5 11.10 0.312 0.19024 43,168 11'984 27.8 72.2 1.8625 ~5639 0.1185 0.6229 
,. 10.55 0.312 0.19024 43,168 12,550 29.1 70.9 0 
7 12.25 0.468 0.2854 43,168 11,900 27.6 72.4 1. 7540 .5701 0.1877 0.6577 
8 10.00 0.468 0.2854 43,168 13,322 30.9 69. 1 
9 8.20 0.624 0.3805 43,168 16,274 37.7 62.3 1.6091 .. 6214 0.2946 0.7742 
10 9.30 0.624 0.3805 43,168 15,056 34.9 65.1 
-"' 1 l 0 0 0 51 53 .::--\,!) 
12 0 0 0 49 62 
average = 0.6956· 
equivalent wt. 99 PP-16 OC 
1 10.60 0 44,435 11,405 25.7 74.3 2.1503 (Kd0 ) .~650 
2 11.25 0 44,343 11,158 25.2 74.8 
3 9.30 0.228 0.2303 44,390 12,352 27.8 72.2 2.32-07 .4309 
4 10.15 0.228 0-.2303 44,390 1o,939 24.6 75.4 
5 9.15 0.456 0.4606 44,390 12,388 27.9 72.1 2.2355 .44?3 
6 11.80 0.456 0.4606 44,390 10,412 23.4 76.5 
7 9.50 o.684 0.6909 44,390 12,226 27.5 72.5 2.2282 .4488 
8 9.65 0.684 0.6909 44,390 11'987 27.0 73.0 
9 8.85 0.912 0.9212 44,390 12,618 28.4 71.6 2.2149 .4515 ' 
10 9.65 0.912 0.9212 44,390 12,338 27.8 72.2 
1 1 0 0 55 53 
12 0 0 49 53 no detectable binding 
equivalent wt. 31 PP-16 Nb 
1 9.20 0 0 44,552 13,272 29.8 70.2 2.0676 (Kdo) 
2 11.50 0 0 43,557 .10,892 24.7 75.3 
3 10.85 0.176 0.5677 44,055 11 ,203 25.4 74.6 2.1816 
4 9.60 0.176 0.5677 44,055 12,098 27.5 72.5 
5 10.30 0.352 1.1355 44,055 11,124 25.2 74.8 2.2187 
6 10.20 0~352 1.1355 44,055 11,850 26.9 73.1 
7 10.20 0.528 1. 7032 44,055 11 ,202 25.4 74.6 2.3320 
8 11.05 0.528 1.7032 44,055 10,328 23.4 76.6 
9 10.50 0.704 2.2708 44,055 10,928 24.8 75.2 2.2006 
10 13.20· 0.704 2.2708. 44,055 9,896 22.5 ?7.5 
..... 
11 0 0 0 48 49 \Jl 0 
12 0 0 0 50 51 no detectable binding 
equivalent wt. 166 PP-L2 RC 
1 10.25 0 0 45,371 11'994 26.4 73.6 0 292152Kd 0.4514 
2 10. 15 0 0 47,158 12,200 25.9 74.1 
3 12.05 2.16 1.3012 46,264 11 , 931 25.8 74.2 1. 7987 0.55596 0.23153 0.17793 
4 11.55 2.16 1.3012 46,264 13,466, ~9.1 70.9 
5 9.25 4.32 2.6024 46,264 15, 923 34.4 65.6 1.5329 0.6523 0.44508 0.17102 
6 11.10 4.32 2.6024 46,264 . 15,591 33.? 66.3 
7 10.60 6.48 3.9036 46,264 16,503 35.7 64.3 1.3286 0.7526 0.66729 0.17094 
8 9.95 6.48 3.9036 46,264 17,?10 38.3 61.7 
9 9.55 8.64 5.2048 46,264 18,475 39.9 60.1 1.2126 0.8247 '0.82679 0.15886 
10 8.95 8.64 5.2048 46,264 20,084 43.4 56.6 
1 1 0 0 0 48 54 
-
12 0 0 0 52 54 average= 0.170 
equivalent wt. 212 PP-L2 TC 
1 8.70 0 0 43,541 13,069 30.0 70.0 2. 1434Kdo D.4665 
2 11.40 0 0 42,862 10,574 24.7 75.3 
3 11.75 1. 99 .93868 43,202 11,440 24.1 75.9 1.8903 0.5995 0.1339 0.1426 
4 9.40 
5 9.25 3.98 1.8774 43,202 14,225 32.9 67.1 1. 6861 D.5931 0.2712 o. 1445 
6 9.30 3.98 1.8774 43,202 15,042 34.8 65.2 
7 10.85 5.9? 2.8160 43,202 14,979 34.7 65.3 1 .4527 D.6884 0.4752 0.1687 
8 10.60 5.97 2.8160 43,202 14,358 33.2 66.8 
9 11.00 ?.96 3.?54? 43,202 15,216 35.2 64.8 1.2867 D.7772 o.6656 o. 1773 
10 11.60 7.96 3.?547 43,202 15,475 35.8 64.2 _.. 
1 1 0 D 0 55 57 Vl _.. 
12 0 D 0 53 53 average = o. 158 
equivalent wt. 181 PP-L2 OC 
1 10.8.5 0 0 46,019 11,378 24.7 7.5.7 2.1815Kd 0.4584 
2 9.95 0 0 46,388 12,763 27.5 72.5 
3 9.10 1.33 .0.7348 46,204 15,57~ 33.7 66.3 1 .6880 0.5924 0.2924 0.3979 
4 9.05 1.33 0.7348 46,204 16, 142 34.9 65.4 ' ' 
5 10.50 2.66 1.4696 46,204 14,949 32.4 67.6 1 • .5270 o.6549 0.4286 0.2917 
6 10.35 2.66 1.4696 46,204 15,986 34.6 65.4 . 
7 10.85 3.99 2.2044 46,204 16, 180 35.0 65.0 1.3747 0.7274 0.5869 0.2662 
8 8.95 3.99 2.2044 46,204 18, 154 39.3 60.7 
9 9.10 5.32 2.9392 46,204 19,836 42.9 57.1 1.1259 0.8882 0.9376 0.3199 
10 9.00 5.32 2.9392 46,204 20,826 45. 1 54.9 
1 1 0 0 0 49 50 
12 0 0 0 50 54 average = 0.319 
equivalent wt. 95 PP-L2 Nb 
1 9.70 0 44,714 12,482 27.9 72.1 2.1867K~ 0.4573. 
2 11.75 0 46,633 10,856 23.3 76.7 
3 11.30 1.248 1.31368 45,674 16,016 35. 1 64.9 1.33464 0.7493 o.63846 o.48GO 
4 ·10.30 1.248 1.31368 45,674 16,616 36.4 63.6 
5 9.70 2.496 2.6274 45,674 20,975 45.9 54. 1 .88047 1.13576 1.48363 0.5647 
6 10.25 2.496 2.6274 45,674 22,702 49.7 50-.3 
7 11.85 3.744 3.9410 -45,674 23,346 51. 1 48.9 .64315 1.5548 2.40008 0.6090 
8 11.05 3.744 3.9410 45,674 24,232 53.0 47.0 
9 9.40 4.992 5.2547 45,674 26,732 58.5 41.5 .61231 1 .63316 2.57133 0.4893 
10 9.60 4.992 5.2.54'l. 45,674 26, 161 57.3 42.7 
11 0 0 51 50 _,, Vt 
l\.> 
12 0 0 50 51 average = 0.537 
equivalent wt. 252 PPC RC 
1 10.95 0 0 43,972 11,672 26.5 73.5 2.00551K~ D.4986 
2 10.55 0 0 44,980 12,414 27.6 72.4 
3 9.65 2.13 0.84524 44,476 15,191 34.1 65.9 1.56447/ .63919 .28191 .33353 
I 
4 1o.10 2. 13 0.84524 44,476 15, 165 34.1 65.9 I 
5 9.55 4.26 1.69048 44,476 17' 651 39.7 60.3 1.2605 .7933 .59143 .3499 
6 10.00 4.26 1.69048 44,476 17,374 39.1 60.9 
7 9.50 6.39 2.53571 44,476 17,713 39.8 60.2 1.15536 D.8655 .73583 .29019 
8 10.75 6.39 2.53571 44,476 17,047 38.3 61.7 
9 8.35 8.52 3.3810 44,476 21,696 48.8 51.2 0.990733 ~ .00935 l'.02427 .30295 
10 11.00 8.52 3.3810 44,476 18,996 42.7 57.3 I 
11 0 0 0 50 51 
12 0 0 0 50 53 average = 0.319 
equivalent wt. 263 PPC TC 
1 11.25 0 0 45,509 11,317 24.9 75.1 2.07156K~ b.4827 
2 9.55 0 0 44,864 13,269 29.6 70.4 
3 9.30 2.116 0.8046 45,187 15,488 34.3 65.? 1.6646 D.6020 0.2473 0.3062 
4 10.40 2. 116 . 0.8046 45,187 14,194 31.4 68.6 
5 9.05 4.232 l.6091 45, 187 17,259 38.2 61.8 1.3554 P.7377 0.5286 0.3272 
6 13.55 4.232 1 .6091 45,187 14,261 31.6 68.4 
7 10.75 6.348 2.1942 45,187 17,390 38.5 61.5 1.1742 P.85164 0.7642 0.3483 
8 11.70 6.348 2.1942 45,187 16,768 37.1 62.9 
9 11.05 8.464 3.2182 45, 187 19,812 43.8 56.2 .94553 1.057 1.1909 0.3700. 
10 9.45 8.464 3.2182 45,187 21'131 46.8 53•2 
1 1 0 0 0 49 50 -lo \Jl 
12 0 0 0 48 50 w average = 0.338 
equivalent wt. 297 PPC OC 
1 10.30 0 0 47,420 12, 940 27.3 72.7 2. 14085Kl0.4671 
2 9.15 0 0 48,310 13,685 28.3 71.7 
3 7.55 2.082 .7010 47,865 19,345 40.4 59.6 1.59933 D.6253 0.3386 0.4830 
4 11.65 2.082 .7010 47,865 1.4, 148 29.6 70.4 
5 9.05 4.164 1.4020 47,865 19.281 40.3 59.7 1.36358 0.73365 0.5700 o.4cGG 
6 9.00 4.164 1 .4020 47,865 18,454. 38.6 61.4 
7 9.30 6.246 2.1030 47,865 20,500 42.8 57.2 1.07387 .• 93121 0.9936 0.4?25 
8 11.55 6.246 2.1030 47,865 . 19,593 40.9 59.1 
9 9.40 8.328 2.8040 47,865 22, 159 46.3 53.7 0.97118 1.0297 1·.2044 0.4295 
10 8.30 a.328 2.8040 47,865 24,042 50.2 49.8 
11 0 0, 0 49 50 
12 0 0 0 48 47 average ~ 0.448 
equivalent wt. 77 PPC Nb 
1 11.60 0 0 45,929 10,634 23.2 76.8 2.2114 K~ 0.4522 
2 12.30 0 0 45,678 10,671 23.4 76.6 
3 9.45 0.080 0.1039 45,803 13, 175 28.8 71.2 2.1381 0.4677 0.0343 0.330 
4 12.00 0.080 0.1039 45,803 10,728 23.4 76.6 
5 9.05 0.160 0.2078 45,803 13,651. 29.8 70.2 2.1102 D.4739 0.0480 c.231 
6 9.35 0.160 0.2078 45,803 13,089 28.6 71.4 
7 9.50 0.240 0.3117 45,803 13,714 29.9 69.9 1.9734 D.5067 0.1206 0.387 
8 8.80 0.240 0.3117 45,803 14,431 31.5 68.4 .. 
9 10.70 0.320 0.4156 45,803 12,988 28·.3 71.6 1.9263 D.5191 0.1480 0.356 
10 10.75 0.320 0.4156 45,803 12,588 27.5 ~2.5 
~ 11 0 0 0 46 53 VI ~ 
12 0 0 0 48 61 average = 0.326 
equivalent wt. 175 PPCII RC 
1 9.50 0 0 44,626 12,508 28.0 72.0 2. 14435 xcfc).4663. 
2 9.65 0 0 45,210 12,682 28.0 72.0 
3 10.05 0.720 .0.4114 44,418 12, 57.1 28.3 71.7 1. 9812 0.5047 0.0823 0.2005 
" 4 12.3.5. 
•" 
0.720 0.4114 44,418 11 ,094 25.0 75.0 
5 12.30 1.440 0.8229 44,418 11,756 26.5 73.5 1. 7646 P.5667 0.2152 0.2570 
6 8.10 1.440 0.8229 44,418 16, 190 36.4 63.6 l 
7 8.90 2.160 1.23429 44,418 15,977 36.0 64.0 1.6134 :>.6198 0.3291 o.2GG6 
8 7.60 2.160 1.23429. 44,418' 17,451. 39.3 70.7 
9 8.90 2.880 1. 64571 44,418 16,883 38.o 62.0 1.3883 D.7203 0.5446 0.3309 
10 9.00 2.880 1.64571 44,418 17 J 951 40.4 59.6 
11 0 0 0 58 51 
12 0 0 0 61 52 average = 0.2~;4 
equivalent wt. 97 PPCII TC 
1 10.10 0 0 44,385 12,316 27.7 72.3 2.03096xcfo.4924 
2 11.20 0 0 45,690 12,026 26.3 73.7 
3 11.70 0.206 0.2124 45,037 11'929 26.5 73.5 1.9284 ,5186 .053183 0.2504 
4 8.50 0.206 0.,2124 45,037 14,615 32.4 67.5 
5 11.50 0.412 0.4247 45,037 12,821 28.5 71.5 1. 76659 ~56606 .14965 0.3524 
6 11.95 0.412 0.4247 45,037 12,283 27.3 72:.7 
7 ?.60 0.618 0.6371 45,037 18,091 40.2 59.8 1.60717 . 6222 .26368 0.4139 
8 8.20. 0.618 0.6371 45,037 16,757 37.2 62.8 
9 10.85 0.824 . 0.8495 45,037 14,844 33.0' 67.0 1.49239 67007 .36088 0.4248 
10 9.95 0.824 0.8495 45,037 15,819 35.1 64.9 
..... 11 0 0 0 54 52 \J'l Vl 
12 0 0 0 56 55 average = 6.360 
equivalent wt. 284 PPCII OC 
1 11.85 0 0 44,815 10,299 22.9 77.1 2.28160Kd0 0.4383 
2 10.75 0 0 44,213 10,806 24.4 ?5.6 
3 10.?0 0.752 0.2648 44,514 12,410 27.8 72.2 1.8892 0.5293 0.2077 0.7843 
4 10.65 0.752 0.2648 44,514 12,883 28.9 71.1 
5 10.50 1.504 0.5296 44,514 14,203 31.9 68.1 1.6232 0.6161 0.4056 0.7G59 
6 9.90 1.504 0.5296 44,514 14,812 66.8 .. 33.2 
7 11.95 2.256 0.?944 44,514 14,285 32.0 58.o 1.4102 o. 7091 0.6180 0 7'7'7Q e f I / 
8 9.30 2.256 0.7944 44,514 16,914 37.9 52.1 , 
9 10.60 3.008 1 .0592 44,514 16,707 37.5 52.5 1.2035 0.8309 0~8958 0.8457 
8.50 3.008 
.. I 10 1 .0592 44,514 20,026 44.9 ;5. 1 
. 11 0 0 0 55 53 
12 0 0 0 60 65 average = 0.793 
equivalent wt. 56 PPCII Nb 
1 11.25 0 0 43,668 10,772 24.7 75.3 2.1383K~ J •. 4677 
2 10.30 0 0 44,686 12,044 27.0 73.0 
3 8.80 0.182 0.325 44,177 14, 178 32.1 67.9 1.8974 0.5270 o. 1270 0.3906 
4 10.20 0.182 0.325 44,177 13,047 29.5 70.5 
5 8.85 0.364 0.650 44,177 14,956 33.8 66.1 1.7606 :>.5680 0.2146 0.3301 
6 9.40 0.364 0.650 44, 177 14,427 32.7· 67.3 
7 9.65 0.546 0.975 44,177 15,002 34.0 66.0 1.5907 :>.6286 0.3443 0.3531 
8 9.10 0.546 0.975 44,177 15,800 35.8 64.2 
9 a.oo 0.728 1.30 44, 177 1?,292 39.1 60.9 1.5189 :>.6584 0.4077 0.3137. 
10 11.80 o.?28 1.30 ... 44,177 13,859 31.4 68.6 ~ 
VI 
11 0 0 0 51 53 CJ' 
12 0 0 0 56 55 average = 0.347 
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ABSTRACT 
Abstract of the dissertation entitled "INVESTIGATION OF THE PROTEINPOLYSAC-
CHARIDES OF CALF-SCAPULAR CARTILAGE." Submitted by Nancy Ellen Egan to the 
Faculty of the Graduate School of Loyola University of Chicago, in partial tul-
fillment of the requirements for the degree of Doctor of Philosophy, February, 
1973. 
Proteinpolysaccharide complexes together with collagen comprise most of 
the intercellular matrix or "ground substance" of cartilage. Since it is with-
in this matrix that the first crystals of bone mineral appear during biolog-
ical calcification and subsequent ossification or bone formation, the protein-
polysaccharides are thought to either initiate or regulate this important pro-
cess. A thorough understanding of the biochemical events occurring when car-
tilaginous tissue is replaced by osseous tissue is of fundamental importance 
to studies on aging, on wound healing, on bone and connective-tissue abnormali-
ties and diseases, on the therapeutic removal of bone-seeking radioisotopes, 
and on electrolyte homeostasis. 
Previous hypotheses have attributed to the proteinpolysaccharides of car-
tilage either a calcification-inhibiting or a calcification-promoting function. 
--· 
Both of these views are based on interactions presumed to occur among the pro-
teinpolysaccharide complexes in the intact mineralizable cartilage and the cal-
cium and phosphate ions present. These interactions were examined in the 
present study with proteinpolysaccharides obtained from four zones represent-
ing stages in the transformation of cartilage to bone. The calf scapula is 
particularly suitable for this study because it is a readily available tissue 
from which nearly unlimited amounts of mineralizable cartilage in any desired 
stage of transformation may be obtained~ 
Two methods that differ in the a.mount of shear employed were used to ex-
tract the proteinpolysaccharides from the zones of scapular tissue. Presum-
ably, the product of low-shear (dissociative) extraction would be more likely 
to resemble its state in intact tissue than would the product of high-shear 
(degradative) extraction. The isolated proteinpolysaccharides were compared 
and analyzed for their hexuronic acid, hexosa.mine, and protein content and for 
equivalent weight. The affinity of these isolated proteinpolysaccharides for 
calcium ion was determined by a cation-exchange method. This method relates 
the degree to 'Which unbound calcium ion exchanges with the cation of the resin 
to the extent to which calcium ion is bound by the soluble proteinpolysaccha-
rides present in the system. The results showed that the highest affinity for 
calcium ion, as well as the highest equivalent weight, was found in the pro-
teinpolysaccharides isolated from the zone of scapular cartilage nearest the 
cartilage-bone junction. The effect of proteinpolysaccharides on the precipi-
tation of calcium and phosphate was also determined. Proteinpolysaccharides 
isolated from all areas, but especially from one nearest the cartilage-bone 
junction, were found to inhibit the precipitation of calcium phosphate from 
metastable ionic solutions. The measurement of this inhibition was facilitated 
by a double-labelled liquid-scintillation technique developed in this study. 
The findings 'of increased calcium-ion affinity and inhibition of solid-phase 
separation of calcium phosphate as the cartilage-bone junction is neared, fol-
lowed by a decrease in the new bone area, provide evidence for a 11storage-and-
release11 function for proteinpolysaccharides in endochondral ossification. 
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